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SUMMARY 

Wide app l i ca t ion  of a r t i f i c i a l  r e s p i r a t o r y  mixtures i n  clinical practice, 

i n  diving, i n  high a l t i t u d e  and space f l i g h t s  has a t t r a c t e d  a t t e n t i o n  to  the 

e f f e c t s  of a l t e r e d  gas media on the human body. 

There are opinions i n  physiology and av ia t ion  medicine t h a t  a.man is un- 
a b l e  t o  determine by h i s  conscious perception t h e  s u i t a b i l i t y  of gaseous mix- 

t u r e s  f o r  breathing, and sometimes cannot de t ec t  changes of inhaled a i r  danger- 

ous to  l i f e .  However, t h i s  opinion has not  been v e r i f i e d  experimentally. 

I n  order  t o  study t h i s  question, t h e  author e laborated and employed the  

method of a c t i v e  choice of preferred r e s p i r a t o r y  mixtures by man and animals 

(gas preference).  

Experimental animals (laboratory and wild rodents) w e r e  placed i n t o  a 

s p e c i a l l y  constructed device where the  gradient  of some gas w a s  maintained. 

The animal could choose t h e  p re fe rab le  composition of gas medium by f r e e l y  

moving within t h e  device. I n  human experiments, t h e  sub jec t s  (healthy young 

men and women) breathed through a mask d i f f e r e n t  gaseous mixtures i n  turn, 
and a c t i v e l y  chose one of them guided by t h e i r  perception. 

It w a s  found t h a t  both animals and man avoided gas media where e i t h e r  

oxygen content w a s  decreased t o  10-12% and less, o r  carbon dioxide content w a s  

increased t o  2.5-3% and more. A sharply negat ive response w a s  shom t o  t he  

mixture having a moderate decrease of oxygen percentage combined with a s m a l l  

amount of CO 

when tinie of i nha la t ion  of t h e  o f f e red  mixtures w a s  proionged. 

experimental da t a  suggests Bhar: avoidance response towards these gas mixtures 

is r e l a t e d  with t h e  corresponding hypoxic and/or hypercapnic s h i f t  ir. thr .  body 

Man's a b i l i t y  t o  d e t e c t  hypoxic and hypercapnic mcdia increased 

Analysis of t h e  
2 '  
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and p a r t l y  is caused by increased work o f  breathing due t o  hyperventilation. 

When common (nitrogen-oxygen) and helium-oxygen mixtures w e r e  offered,  

with o ther .  condi t ions unchanged, man and animals chose t h e  latter. This f a c t  

can b e  explained by reduced r e s i s t a n c e  t o  t h e  tu rbu len t  gaseous stream i n  t h e  

r e s p i r a t o r y  tract when breathing helium mixtures. 

Under t h e  condition of a f i x e d  breathing regime ( d e l i b e r a t e l y  maintained 

constant v e n t i l a t i o n ) ,  t h e  s u b j e c t ' s  a b i l i t y  t o  de t ec t  a l t e r a t i o n s  i n  gas medi- 

um composition increased s i g n i f i c a n t l y .  

offered,  t h e  sub jec t  preferred t o  breathe no t  common air, b u t  such mixhes  

which w e r e  adequate f o r  forced hypervent i la t ion.  

If a higher l e v e l  o f  v e n t i l a t i o n  was 

Denervation of s inoca ro t id  zones i n  rats r e s u l t e d  i n  reduction of behav- 

i o r a l  r e a c t i o n  t o  hypoxic and ( t o  a lesser ex ten t )  hypercapnic media. 

fo re ,  arterial  chemoreceptors are t h e  p a r t  of t h e  a f f e r e n t  path f o r  gas 

preference react ion.  

There- 

Repeated exposure t o  t h e  same gaseous mixture f ixed  t h e  response. I n  man, 

a b f l i t y  t o  d i f f e r e n t i a t e  such a mixture from t h e  air  w a s  perfekted. 

rodents l i v i n g  under n a t u r a l  condi t ions i n  deep holes  revealed a l a c k  of reac- 

t i o n s  towa-rds hypoxic and hypercapnic media. Similar  but  t r a n s i e n t  decrease of 

hypoxic avoidance w g s  displayed i n  rats which were kept i n  an oxygen-poor at- 

mosphere f o r  a prolonged t i m e .  

Only t h e  

Man more w i l l i n g l y  breathed hyperoxic mixtures o r  pure oxygen than common 

a i r  when ambient oxygen p a r t i a l  pressure w a s  reduced (exposure i n  a decompression 

chamber a t  c e r t a i n  degrees of a i r  r a r i f i c a t i o n ,  a s t a y  i n  mountains, rtc.). A t  

t h e  end of monthly acc l ima t i za t ion  i n  t h e  mountains, t h i s  p o s i t i v e  response of 

t h e  sub jec t s  t o  oxygen disappeared. 

Thus active choice of r e s p i r a t o r y  media reveals adaptat ion (congenital  or 

acquired) of man and animals towards hab i tua l  atmospheric composition. G a s  

preference can be used as one of t h e  criteria of physiological adequecy of 

vi 



c e r t a i n  gas mixtures f o r  t h e  i n v e s t i g a t i o n  of optimal a r t i f i c i a l  atmosphere 

under d i f f e r e n t  condi t ions of t h e  organism's a c t i v i t y .  

As w a s  shown, man is  q u i t e  capable of de tec t ing  r e s p i r a t o r y  media altera- 
t i o n s  by means of h i s  conscious perception. 

t h i s  area and its possible  pe r fec t ion  are of g r e a t  t h e o r e t i c a l  and p r a c t i c a l  

i n t e r e s t .  

It seems t h a t  f u r t h e r  study i n  

vi i 



PERCEPTION OF THE RESPIRATORY MEDIUM 
AND GAS PREFERENCE I N  MAN AND ANIMALS 

I. S. BRESLAV 

ABSTRACT. The book is  devoted t o  t h e  problem of the  per- 
cept ion of t h e  r e sp i r a to ry  medium and t o  t h e  behavioral  responses 
of t h e  organism t o  i t s  composition changes. 

The author  developed and employed a method of active choice 
of prefer red  gas  mixtures (gas preference) f o r  i nves t iga t ions  
i n  animals and i n  man. P a r t i c u l a r l y ,  man's a b i l i t y  t o  d e t e c t  
changes of insp i red  a i r  gas composition w a s  determined. A 
physiological  ana lys i s  of t h e  active choice w a s  ses w a s  
performed. 
of t h e  organism with a c e r t a i n  composition of t h e  atmosphere 
w a s  demonstrated. It w a s  shown t h a t  t h e  gas preference method 
can be  appl ied t o  t h e  eva lua t ion  of physiological  adequacy of 
d i f f e r e n t  r e sp i r a to ry  mixtures.  

The r e l a t i o n  between these  responses and "tuning" 

FOREWORD 

The physiology of r e sp i r a t ion  is at: present  experiencing a complicated 

per iod  i n  i ts  development. On one hand, the most in t imate  processes of pulmonary 

gas exchange and mechanics of t he  r e sp i r a to ry  act  are being successfu l ly  inves t i -  

gated.  

amount of v e n t i l a t o r  response i n  any combinations of hypoxic and hypercapnic sti- 

muli can be predicted.  However, on the  o the r  hand, l i f e  makes demands on t h i s  

f i e l d  of physiology which cause i t  t o  t ake  up again problems t h a t  would appear 

t o  be  already solved. It i s  no t  without reason t h a t  t h e  overwhelming major i ty  

of works on the  physiology of r e sp i r a t ion  appears i n  publ ica t ions  of appl ied 

sciences.  More and more of ten ,  man must change t h e  usual  resp i ra tory  medium -- 
atmospheric a i r  -- t o  an a r t i f i c i a l  one. I n  t h e  r e sp i r a to ry  and blood-circula- 

t i o n  d i sease  c l i n i c ,  i n  surgery and anesthesiology, inha la t ions  of var ious gas  

* Numbers i n  t h e  margin i n d i c a t e  paginat ion i n  t h e  o r i g i n a l  fore ign  text. 

- /5*  

The regula t ion  of r e s p i r a t i o n  has  a l ready  been so w e l l  s tudied t h a t  t h e  

- _  - _ _  ~ - - -  
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mixtures are widely applied. High-alt i tude and space f l i g h t s  and descents 

of man under water are both concerned with per iods i n  an a r t i f i c i a l  atmosphere. 

The author of t h i s  study has approached t h e  problem of t h e  physiological  

inf luence of an a l t e r e d  r e s p i r a t o r y  medium i n  an o r i g i n a l  manner. 

developed a p r i n c i p a l l y  new method which permits t h e  organism t o  choose 

independently the  p re fe r r ed  atmospheric composition -- t h e  gas  preference 

method . 

H e  has  

The author has discovered t h e  a b i l i t y  of animals and man t o  d i s t ingu i sh  

This has g r e a t  value,  
/6 

changes i n  t h e  composition of t h e  r e s p i r a t o r y  medium. 

n o t  only on the  g e n e r a l b i o l o g i c a l p l a n e ,  but  a l s o  i n  p rac t i ce .  

t h e  development of t h i s  a b i l i t y  i n  man (up u n t i l  now, hardly s tud ied  a t  a l l )  
might be used i n  s e l e c t i n g  and t r a i n i n g  f l iers and a s t ronau t s ,  and a l s o  i n  
evaluat ing s a f e t y  con t ro l  i n  high-al t i tude and space f l i g h t s .  

I n  p a r t i d u l a r ,  

Active choice, as the d a t a  presented i n  t h e  monograph show, is a general ized 

i n t e g r a l  index of t h e  physiological  adequacy of a gas medium f o r  animais and 

man.  

f o r  a physiological  condition of an organism, and under conditions of a long 

per iod i n  an a l t e r e d  gas medium -- t o  evaluate t h e  p o s s i b i l i t y  bf adapting 

t o  such a medium. 

This helps  t o  c l a r i f y  the  optimum composition of r e s p i r a t i o n  mixtures 

It is highly probable t h a t  the gas  preference method w i l l  f i n d  app l i ca t ion  

i n  research i n  s e l e c t i n g  the rapeu t i c  gas mixtures f o r  various3 diseases ,  recom- 

mending t h e  composition of an a r t i f i c i a l  atmosphere f o r  enclosed h a b i t a t i o n s  

under ground, under w a t e r ,  and i n  outer  space, etc. 

A cr i t ical  o u t l i n e  is given i n  t h e  monograph of cur ren t  research on receptor  

which provide adequate organism response i n  an a l t e r e d  r e sp i r a to ry  instruments,  

medium. 

due. 

Inc iden ta l ly ,  t h e  appearance of such a survey i n  Russian is long over- 

2 



This work undoubtedly enlarges the arsenal of research methods and deepens 

our concepts in the f i e l d  of respiration regulation. 

interest for doctors and physiologists. 

Thus it will. be of special 

Leningrad, January, 1968 Professor A. G.  Zhironkin 
Doctor of Medical Science 
Editor 
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INTRODUCTION 

The higher animals and man have ref ined analyzer systems which con t r ibu te  

t o  the continuous adaptation of t h e  funct ions of t h e  organism t o  changing 

conditions of ex te rna l  and i n t e r n a l  environment. Appropriate s e n s i t i v e  in s t ru -  

ments ensure responses t o  t h e  smallest f l u c t u a t i o n s  of temperature, l i g h t  

and other  f ac to r s .  In  p a r t i c u l a r ,  t h e  o l f a c t o r y  receptor ,  which I. P. Pavlov 

included together  with the  gustatory receptor  i n  t h e  concept of chemical 

analyzer, can de tec t  t h e  most i n s i g n i f i c a n t  admixture i n  inhaled air. 

it t o  say t h a t  man has t h e  a b i l i t y  t o  de t ec t  by s m e l l  t he  presence of t k h i t r o -  

buryltoluene i n  a concentration of 

1950). 

Su f f i ce  

grams i n  100 ml of a i r  (Bronshteyn. 

A t  t he  same t i m e ,  our chemical analyzer is apparently "deaf" t o  t h e  content 

of t he  bas i c  components of t he  atmosphere i t s e l f .  

oxygen, ni t rogen and i n e r t  gases are "ordorless and tasteless". 

dioxide is an exception. 

only detected i n  high concentrations,  which are never m e t  under ordinary 

circumstances. 

Textbooks usual ly  say t h a t  

Carbon 

However, t h e  unique " s m e l l "  of carbon dioxide is 

And a t  the  same t i m e  p rec i se  responses of r e s p i r a t i o n  and o the r  systems t o  

r e l a t i v e l y  small changes of t he  p a r t i a l  pressure of oxygen and carbon dioxide 

i n  inhaled a i r  have been w e l l  researched. 

An explanation of t h e  physiological  meaning of t he  contradict ion between an 

apparent i n a b i l i t y  of t h e  organism t o  perceive immediately t h e  content of an in- 

haled gas mixture and the presence of mechanisms of adaptation t o  changes i n  t h e  

content of oxygen and carbon dioxide i n  t h e  atmosphere would, i n  our opinion, 

shed l i g h t  on some, as y e t  not  f u l l y  clear, aspects  of r e s p i r a t i o n  regulation. 

The a b i l i t y  t o  d i s t ingu i sh  t h e  gas content i n  an inhaled medium can b e  - / 8  
n o t  only of t h e o r e t i c a l ,  but a l s o  of p r a c t i c a l  importance. 

aeronaut ics  and mountaineering te l ls  of many instances of t h e  t r a g i c  death of 

The h i s t o r y  of 

4 



people who were unable t o  n o t i c e  a threatening lowering of oxygen p a r t i a l  

pressure i n  t h e  atmosphere. It is t r u e  t h a t  t h e  development of l i f e  support 

systems and methods of gas medium con t ro l  have g r e a t l y  reduced t h i s  danger. 

However, man's rapid conquest of outer  space and t h e  ocean depths makes t h i s  

problem urgent again. Astronauts, and frequent ly  a l s o  aquanauts, must breathe 

an a r t i f i c i a l  gas mixture, t he  content of which can change unexpectedly f o r  

var ious reasons. Could a man, not: consulting t h e  corresponding instruments,  

d i s t i ngu i sh  s h i f t s  i n  t h e  content of an inhaled mixture which are e s s e n t i a l  t o  

him and take necessary measures, i n  t h e  same way t h a t  a p i l o t ,  f o r  example, 

using h i s  own senses ,  can ad jus t  t h e  temperature conditions i n  t h e  cockfiit? 

This question is a l s o  of g r e a t  importancesince t h e  composition of an a r t i f i c i a l  

atmosphere w i l l  probably difcfer from ordinary air .  

The immediate value of t h i s  research is  a l s o  i n  t h e  explanation of t h e  

question 

of bas i c  components of the r e sp i r a to ry  medium. Exactly what i s  meant he re  by 

the  term "d i s t inc t ion"  must be more accurately defined. 

an organism perceives a change of any parameter of t h e  medium each t i m e  t h e r e  

is a response of some physiological  funct ion t o  t h a t  change. By way of i l l u s -  

t r a t i o n ,  i f  i n  the r e s p i r a t i o n  of a mixture containing 0.25% CO an inc rease  

i n  pulmonary v e n t i l a t i o n  is noticed i n  man, then t h e  organism is already 

d i s t ingu i sh ing  such a concentration. 

of man's ana a n i m a l s ' a b i l i t y  t o  d i s t ingu i sh  changes i n  t h e  composition 

S t r i c t l y  speaking, 

2'  

But i n  t h i s  work w e  are using the  term "d i s t inc t ion"  i n  a narrower sense-- 

h i s  sensat ions by which h e  as t h e  a b i l i t y  of man t o  give a ve rba l  report  about 

determines changes i n  t h e  composition of the r e sp i r a to ry  medium. I n  animals 

another,  although incomplete, analogy with these  d i s t i n c t i o n s  p re sen t sgene ra l  

behaviour response i n  the  form of a c t i v e  movement i n  space, caused by l oca l i zed  

changes i n  t h e  gas composition of t he  atmosphere. 

To research similar responses i n  var ious r e s p i r a t o r y  media, w e  have 

developed a method 

preference. 

of active choice of p re fe r r ed  gas mixtures -- gas 

5 
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Under conditions of f r e e  movement i n  space, t h e  organism selects a zone 

which is physiological ly  optimum according t o  several indices .  

of f r e e  choice have been given t h e  name of preferences.  

of po in t s  of preferred temperatures -- thermal preference -- can be observed 

(Herter, 1924; Kalabukhov, 1939, and many o the r s ) .  Photopreference has been 

researched -- t h e  choice of physiological ly  adequate i l luminat ion zones 

(Hooker, 1911, c i t e d  by Mrosovsky and Carr, 1967, and o the r s ) .  Also r e l a t e d  

t o  preference is  discrimination d h p l a y e d  by animals and by man concerning 

forms of food and d r ink  (Kass i l ' ,  1964, 1969; Kassil', Ugolev and Chemigovslciy, 

1964 and o the r s ) .  

Such responses 

The choice of animals 

/9 

The gas preference method c o n s i s t s  of recording t h e  preferences which an 

organism shows f o r  one r e sp i r a to ry  medium i n  comparision with others .  

ference i n  animals is revealed i n  t h e  form of t h e i r  active movement under condi- 

t i o n s  of a s p a t i a l  gradient  of gas concentration, and i n  man i n  the  form of a 

subs t an t i a t ed  verbal  r epor t  of t h e  choice of one of t h e  r e sp i r a to ry  mixtures 

offered. 

changes of t h e  gas composition of a medium and can properly serve as a c r i t e r i o n  

of an organism's a b i l i t y  t o  d i s t i n g u i s h  these  changes. 

Gas pre- 

As w i l l  be  shown, gas preference r e f l e c t s  an i n t e g r a l  response t o  

W e  thought i t  important f i r s t  of a l l  t o  c l a r i f y  t h e  following problems: 

1)  exac t ly  what changes i n  t h e  composition of t h e  gas medium can b e  

dis t inguished by animals and man; 

2 )  what is t h e  meelanism of gas preferences responses, pr imari ly  t h e i r  

receptor  element; 

3) what i s  t h e  b i o l o g i c a l  r o l e  of t h e s e  responses and what f a c t o r s  

determine an organism's choice of a r e s p i r a t o r y  mixture. 

6 



Chapter I 

GAS PREFERENCE, EVOLUTION, EXPERIMENTAL METHODS 

EVAJJATION OF RESPIRATION-Am THE GASEOUS ENVIRONMENT 

Animals' recept ion of t h e  gas medium and responses t o  a change i n  its com- 

pos i t i on  are c lose ly  connected with t h e  process by which gaseous exchange 

occurs between an organism and the  surrounding medium. 

complexity of t h e  r e s p i r a t i o n  funct ion,  t hese  responses not  only are perfected,  

but  are fundamentally changed. So f a r  very l i t t l e  i s  known about the choice of 
t h e  r e s p i r a t o r y  medium by animals a t  various s t ages  of t he  evolutionary scale 

(see survey: Zhironkin and Breslav, 1968). 

I n  proportion t o  t h e  

Inve r t eb ra t e s  

I n  u n i c e l l u l a r  animals l i v i n g  i n  w a t e r ,  gaseous exchange occurs through 

t h e  su r face  of t h e i r  bodies; t he re fo re ,  t h e  only means of regulat ing 

r e s p i r a t i o n  he re  is  movement i n  the  w a t e r .  Each form chooses t h e  zone no t  

only of proper temperature and s a l t  composition of t h e  w a t e r ,  but  a l s o  of 

oxygenation adequate f o r  i t s e l f .  Thus, t h e  d i s t r i b u t i o n  of zooplankton a t  

c e r t a i n  s t ages  r e f l e c t s  t h e  gas s a t u r a t i o n  of var ious l a y e r s  of t h e  w a t e r  and 

current .  One of J. Haldane's colleagues ( B l e s ,  1929; c i t e d  by Haldane and 

P r i e s t l e y ,  1935) described the  behavior of t h e  s h e l l  amoeba (Arcella discoides).  

When i t  is i n  a weakly oxygenated medium, it produces i n  its cytoplasm vacuoles 

of almost pure oxygen which make it l i g h t e r ,  and it f l o a t s  up t o  a l a y e r  of 

water more sa tu ra t ed  with t h i s  gas. 

- /10 

The expressed preference concerning oxygen content can a l s o  be observed 

i n  more highly organized inve r t eb ra t e s .  

u sua l ly  b u r i e s  i t s e l f  i n  sand, but  when t h e  oxygen concentration i n  t h e  medium 

One form of shrimp (Penaeus japonicus) 

7 



f a l l s  t o  a c e r t a i n  l e v e l ,  t h e  animal protrudes from o r  completely comes out  

of t h e  sand (Egusa and Yamamoto, 1961). 

Klinger (1963), observing t h e  movement of nematodes under experimental 

111 
conditions,  recorded p o s i t i v e  taxis of round worms i n  r e l a t i o n  t o  a source 

of carbon dioxide,  which served as a reference point  f o r  them i n  t h e  search 

f o r  food. 

u l i m  decematriculatum, S-imulium euryadminiculum-S. aureum; F a l l i s  and Smith, 

1964). In  o the r  forms of i n s e c t s ,  carbon dioxide preference is connected with 

choosing a s u i t a b l e  p l ace  f o r  oviposi t ion (Orthosoma brunneum) (Paim and 

Beckel, 1964). Chemoreceptors i n  t h e  weevil larva Otiorrynchus sulcatus,used 

f o r  o r i e n t a t i o n  of carbon dioxide concentration,were discovered i n  t h e  end 

j o i n t s  of t h e  j a w  f e e l e r s  (Klinger, 1966). 

- 
A similar pnenomenon is a l s o  encountered i n  seve ra l  i n s e c t s ,  (Prosim- 

The preference t h a t  many inve r t eb ra t e s  have concerning carbon dioxide can 

hardly be coincidental .  It is  known t h a t  termites spend almost a l l  t h e i r  

lives i n  a medium c a r e f u l l y  i s o l a t e d  from ou t s ide  a i r  and sa tu ra t ed  with moisture, 

where the  carbon dioxide concentration approaches 15 - 18% 

It is possible  t h a t  t he  atmosphere of t h e  Earth had a similar composition i n  

earlier geological eras (Sokolov, 1966) when termites w e r e  also widely d i s t r i -  

buted, and they have been preserved now as l i v i n g  f o s s i l s .  

(Halifman, 1962). 

It occurs t o  us t h a t  a study of gas preference of organisms on var ious 

levels of the  evolutionary scale could shed l i g h t  on several, as pet  

unresolved, questions concerning changes occurring i n  t h e  composition of t h e  

atmosphere during t h e  development of l i f e  on our  p l ane t  (Gilber t ,  1968). 

Fish - 
Although f i s h  have a comparatively complex system of r e s p i r a t i o n  ( g i l l s  

and, in  seve ra l  v a r i e t i e s ,  cutaneous and i n t e s t i n a l  r e s p i r a t i o n , )  they do no t  

possess a developed mechanism f o r  r egu la t ing  t h i s  function. 

movement increases  only i n  an i n s i g n i f i c a n t  degree with an i n su f f i c i ency  

of oxygen and an excess of carbon dioxide. 

Their r e s p i r a t o r y  

(Babak, 1907; Voskoboynikov and 
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Balabay, 1935 and others) .  

t h e i r  g i l l s  a r e l a t i v e l y  l a r g e  quan t i ty  of water t o  e x t r a c t  t h e  oxygen. 

(Dejours et al.,  1968). 

A t  t he  same time, f i s h  must discharge through 

The choice of a w a t e r  medium which contains a c e r t a i n  concentration of 

dissolved oxygen is t h e  primary means of meeting the  gaseous exchange require- 

ment i n  these  animals. 

of oxygen concentration do not  inf luence the  gaseous exchange of t h e  f i s h  i n  

question (Privol 'nev, 1947) and normal incubation of t h e i r  embryos occurs 

(Bishai,  1960). 

migfat-ion i s  suggested. I f  the concentration of oxygen i n  a medium f a l l s  below 

t h e  zone of oxygen adaptat ion c h a r a c t e r i s t i c  f o r  a p a r t i c u l a r  population, t h e  

f i s h  cannot compensate f o r  this. decrease by i n t e n s i f i e d  r e s p i r a t o r y  movement 

and begin t o  search f o r  a place with more highly oxygenated water, e spec ia l ly  

i n  t h e  period of spawning migration when gaseous exchange i n  t h e  organism 

inc reases  (Privol 'nev, 1948). 

Within the optimum zone se l ec t ed  by t h e  f i s h ,  f l uc tua t ions  

On t h i s  b a s i s  a funct ional-respirat ion theory of f i s h  

112 - 

Various kinds of f i s h  select water which has a d i f f e r e n t  degree of oxygen- 

Some f i s h  p re fe r  cold water where the re  is more disso3ved oxygen and l a y  a t ion .  

t h e i r  eggs i n  f a s t  running, but  consequently well-oxygenated streams (Puchkov, 

1954). 

t h e  w a t e r .  The regular  d i s t r i b u t i o n  of f i s h  i n  var ious sea cu r ren t s  has a 

d i r e c t  p r a c t i c a l  importance i n  fo recas t ing  concentrations of comnercial varieties. 
(Ardov, 1964). 

long per iods i n  water of higher  o r  lower oxygenation. 

Sea f i s h  are e s p e c i a l l y  exacting with regard t o  t h e  gas condition of 

The "oxygen threshold" of f i s h  can be a l t e r e d  as a r e s u l t  of 

(Puchkov, 1954). 

Thus, f i s h  possess a c l e a r l y  expressed gas preference which serves 

e s s e n t i a l l y  as a d i r e c t  mechanism f o r  r e s p i r a t i o n  regulat ion.  This phenomenon 

has a l s o  been s tud ied  under experimental conditions.  A number of authors have 

noted n a t u r a l  migration of f i s h  i n  an a r t i f i c i a l l y  produced s p a t i a l  gradient  

of oxygen content.  (Jones, 1947, c i t e d  by Sommers, 1962; Whitmore et a l ,  

1960, c i t e d  by Sommers, 1962). By r e in fo rc ing  t h e  a c t i v e  movement of small 

go ld f i sh  by o f f e r i n g  oxygenated w a t e r ,  Sommers (1962) noted an adequate motor 
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response of the  experimental species.  

t h e  a b i l i t y  t o  r egu la t e  t h e  r e sp i r a to ry  mediun by means of acquired behavior. 

The author  defined t h i s  response as 

Whereare t h e  receptor  f i e l d s  which enable f i s h  t o  perceive t h e  gas  

composition of a water medium? There is b a s i s  t o  assume t h a t  they are the 

branchia te  receptac les  which come i n  d i r e c t  contact  with t h e  water flowing 

through t h e  g i l l s  and serve  as chemosensitive zones 

Shelton, 1962). The receptor  endings of branchia te  arms of t h e  vagus nerve 

loca ted  here  genera l ly  play an important r o l e  i n  r e s p i r a t i o n  regula t ion  of 

f i s h ,  which are known t o  be 

t o  an excess of carbonic acid. (Babak, 1907; Kravchinskiy, 1945; Krogh, 1959; 

Serbenyuk, 1968). 

medium, t h e  branchia te  receptors  can be considered as homologues of t h e  smal l  

carotenoid c o i l s  i n  terrestial ve r t eb ra t e s  (Chernigovskiy, 1960). 

(Sepp, 1949; Hughes and 

s e n s i t i v e  t o  a def ic iency of oxygen and i n s e n s i t i v e  

As i nd ica to r s  of the oxygen content  i n  t h e  surrounding water 

On the  whole, t he re  has been very l i t t l e  research done on behavior responses 

of f i s h  t o  t h e  gas  composition of a medium. 

co l l ec t ion  Povedeniye i r e t s e p t s s i  ryb (Behavior and Reception of Fish) (1967) 

d id  not  conta in  one work which concerns t h i s  question. 

Even t h e  r ecen t ly  published 

The pecu l i a r  behavior of f i s h  which brea the  i n  two ways is  in t e re s t ing .  

These are forms t r a n s i t i o n a l  t o  terrestial ver tebra tes .  I n  t h e  water, t hese  

animals can exist f o r  some time by g i l l  r e s p i r a t i o n ,  but  f o r  f u l l  gaseous 

exchange they must come t o  t h e  sur face  pe r iod ica l ly  t o  ga ther  a por t ion  of 
a i r  i n t o  their pr imi t ive  lungs. An appropr ia te  chemoreceptor impulse probably 

serves as t h e  s t imulus t o  f l o a t  up. 

oxygen and carbon dioxide i n  the surrounding medium is demonstrated i n  dual- 

breathing f i s h ,  bu t  t h e i r  l o c a l i z a t i o n  is not  y e t  known. ( Jesse  et al., 1967). 

113 - 

The ex is tence  of receptors  which sense 

T e r r e s t i a l  Vertebrates  

With the  t r a n s i t i o n  t o  an air  medim and t o  exc lus ive ly  pulmonary 

r e sp i r a t ion ,  the e n t i r e  " resp i ra tory  behavior" of the organism changes 

qua l i t a t ive ly .  
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The composition of t h e  lower l a y e r s  of t h e  atmosphere i s  almost i d e n t i c a l  

over t h e  whole planet .  

760 mm Hg., t h e  p a r t i a l  pressure of oxygen is, on t h e  average, about 3.59 ~~pll Hg, 

f luc tua t ing  with varying meteorological condi t ions (pressure,  temperature, 

humidity) from 140 t o  163 mm Hg. (Orlov, 1959). The p a r t i a l  pressure of 

carbon dioxide does no t  usual ly  reach 1 ~lpll Hg. The rest of t h e  a i r  comprises 

ni t rogen with a s m a l l  admixture of hydrogen and i n e r t  gases ,  b a s i c a l l y  argon, 

and w a t e r  vapor. 

A t  sea level, out  of a general  barometric pressure of 

Because of the s p a t i a l  uniformity of t h e  atmosphere, t h e  emphasis on 

r e s p i r a t i o n  i n  terrestial animals is t r ans fe r r ed  f romadap ta t ion to  t h e  e x t e r n a l  

medium t o  t h e  r egu la t ion  of gaseous condi t ions of the i n t e r n a l  medium. An 
organism's gaseous exchange varies mainly i n  connection with muscular a c t i v i t y ;  

t o  a lesser degree, i t  is influenced by temperature and o the r  f ac to r s .  The 

higher animals have an except ional ly  perfected apparatus t o  con t ro l  t h e  i n t e r i o r  

medium most de l i ca t e ly .  It is  s u f f i c i e n t  t o  r e c a l l  with what p rec i s ion  the  

constancy of gas pressure is maintained i n  the  a lveo la r  a i r  t o  blood. 

Since a choice of t h e  i n t e r i o r  gas medium is no longer demanded, the motor 

apparatus is  set f r e e  from a given function. I n  t h i s  connection, as is known, 

m d e r  n a t u r a l  conditions terrestial v e r t e b r a t e s  do not  develop a gas preference. 

But doesn ' t  t h i s  i n d i c a t e  t h a t  t h e  higher  animals are deprived of t h e  a b i l i t y  

t o  respond t o  changes i n  gas medium composition? N o t  a t  a l l .  W e  know that 

t h e  apparatus f o r  r e s p i r a t i o n  regulat ion and blood c i r c u l a t i o n  i n  t h e  higher  

ve r t eb ra t e s  is a l s o  very s e n s i t i v e  t o  t h e  oxygen and carbon dioxide content 

i n  inhaled air. Therefore, t hese  animals a l s o  possess receptor  apparatus 

which enables them t o  d i s t i n g u i s h  t h e  composition of t h e  r e s p i r a t i o n  medium. 

Perhaps only the  uniformity of t h e  composition of t h i s  medium under n a t u r a l  

condi t ions keeps us from observing behavior responses similar t o  those described 

i n  lower organisms, mainly water creatures .  

But t h e  p o s s i b i l i t y  of gas preference i n  higher  animals and man has ha rd ly  /14 
been s tud ied  a t  all.  

reasons. 

This can be explained f i r s t  of a l l  by methodological 

A no t i ceab le  s p a t i a l  drop of gas concentration is n o t  found i n  the 
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atmosphere, and i t  is d i f f i c u l t  t o  make such a gradient  a r t i f i c i a l l y  because 

of t h e  rapid displacement of gases. Therefore, up u n t i l  now, s e l e c t i o n  of a 

pre fe r r ed  gas medium, i n  the  l i t e ra l  sense,  has no t  been described f o r  

v e r t e b r a t e  animals. W e  have attempted t o  overcome t h e s e  methodological 

d i f f i c u l t i e s ,  taking n o t i c e  of c e r t a i n  approaches t o  the  problem used by 
a number of researchers.  

TECHNIQUES OF GAS PREFERENCE STJDY 

Animal Experiments 

Theoret ical ly ,  gas preference i n  animals can be discovered using var ious 

methods. 

I n  t h e  research c i t e d  on lower animals, simple observations were made of 

t h e  behavior of experimental ob jec t s  under conditions of a n a t u r a l l y  o r  a r t t f ic -  

i a l l y  constructed exygen o r  carbon dioxide gradient  (Jones, 1947; c i t e d  by 

Sommers, 1962a; Klinger, 1963). But i t  is d i f f i c u l t  t o  maintain a gas g rad ien t  

i n  an air  medium, and v i s u a l  ana lys i s  of animal r eac t ions  under free behavior 

conditions i s  unexact. Sommers used a more complex methodological process. 

H e  developed spec ia l i zed  motor responses i n  experlmental animals. 

r e f l e x  w a s  developed i n  t o r t o i s e s ,  t o  t he  pressure of a l e v e r  con t ro l l i ng  

t h e  a i r  supply (Sommers, 1963a). I n  experiments with rats, a hypercapnic 

mixture w a s  supplied,  and t h e  animals w e r e  t r a i n e d  t o  p re s s  a s p e d a l  t ube  

o r  d i s c  t o  s t o p  the  en t ry  of t h i s  mixture (Sommers, 1962b). Weinstein !1967) 

used an analogous method i n  experiments with doves. 

A conditioned 

However, even t h i s  research method is  fau l ty .  Responses t o  a gas medium 

are reg i s t e red  by an a r t i f i c i a l l y  developed motor act, which complicates t h e  

experiment and i n t e r p r e t a t i o n  of its r e s u l t s .  

A t  one t i m e  Herter (1934) i n  research on temperature preference constructed 

a s p e c i a l  thermogradient instrument -- a long chamber along which a drop i n  

temperature w a s  produced. 
temperature he preferred.  

I n  such an instrument t h e  animal could choose the 
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W e  used an analogous p r i n c i p l e  as t h e  b a s i s  of our research with s m a l l  

animals. But i t  is considerably more d i f f i c u l t  t o  construct  a gradient  of- 

gas content than it  is a temperature gradient .  It proved t o  b e  necessary t o  

construct  a s p e c i a l  arrangement of continuous. gas supply f o r  t h i s  purpose. 

T h e p r i n c i p a l p a r t  of t h e  gas gradient  instrument (Breslav and I l ' n i t s k i y ,  

1964; Breslav, 1965a) which w e  b u i l t  (Figure 1 and 2) is  a narrow chamber 

divided i n t o  10 - 20 sec t ions  by p a r t i t i o n s  i n  which t h e r e  were openings. I n  

Figure 1 t h e  p a r t i t i o n s  are seen i n  t h e  mirror  mounted on t h e  chamber. The 

dimensions of t h e  sec t ions  and openings depend on the  kind of animals used 

i n  the  experiments. I n  t h e  roof of t h e  chamber t h e r e  is a door t o  put i n  t h e  

animals. The chamber l i es  half-way along a t r ansve r se  a x i s  (Figure 2, 0) and 

when t h e  animal moves t h e r e  is  a s m a l l  v i b r a t i o n  i n  t h e  vertical plane. These 

v i b r a t i o n s  are t ransmit ted by means of a gea r  transmission and double-arm 

l e v e r  t o  a s t y l u s  which r e g i s t e r s  a l l  movements of t h e  animal i n  t h e  chamber on 

kymographic tape. 

chamber. Each is  closed by t h e  least s l a n t  of t h e  chamber. The contact  t u r n s  

on a pu l se  counter c i r c u i t  (C 
i n t e r c e p t o r  i n  t h e  same c i r c u i t ,  t h e  time period (n) t h e  animal is i n  t h e  corres- 

ponding h a l f  of t h e  chamber.' 

Contacts (K1 and K2) are located under both ends of t h e  

and C2), which f i x e s ,  with the  help of an 1 

To maintain t h e  g rad ien t  of gas composition, there are pipes i n  t h e  end w a l l s  

of t h e  chamber through which gases o r  gas mixtures are continuously supplied 

from tanks during t h e  experiment. Gradually mixing, these gases constant ly  /16 
maintain a l i n e a r  drop of t h e  medium composition between sec t ions  of t h e  

- chamber. Natural ly ,  t h e  maximum d i f f e rence  i n  gas composition occurs between 

the  end sec t ions .  

pipes  

Af t e r  p a r t i a l  mixing, t h e  gas leaves t h e  chamber through 

i n  the  f r o n t  w a l l s  opposi te  each sect ion.  

The mixtures can be prepared beforehand i n  t h e  tanks themselves, o r  they 

can b e  produced from gases from two o r  more tanks along t h e  supply rou te  i n  

each end pipe,  (Figure 2, 1, 2). To create t h e  necessary gradient  i n  the  

chamber, a s p e c i f i c  de l ive ry  speed is  set f o r  t h e  gases  i n  t h e  end pipes (6) 

of t h e  chamber (7) using valves (4) con t ro l l ed  by f l o a t i n g  rotameters (3,5). 
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Figure 1. A gas gradient instrment for small 
animals. General view. 

Figure 2. A diagram of the gas supply i n  the chamber 
of the gas gradient instrument and the recording of 
the behavior of the animal. Explanation i n  the text. 
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The gas flows which pass  through both t h e  l e f t  and t h e  r i g h t  end pipes  

( ind ica ted  i n  t h e  i l l u s t r a t i o n  by arrows) must be  low and equal between them. 

Otherwise, i n  the  experiments t he  animals could respond not  only t o  t h e  

composition, but  a l s o  t o  t h e  d i f f e r e n t  speeds i n  the  movement of the gas 

mixtures i n  var ious p a r t s  of t h e  chamber. 

uniformity of temperature and i l lumina t ion  along t h e  whole length of t h e  

chamber, and t h e  absence of fore ign  irritants which could inf luence  t h e  behav- 

i o r  of t h e  animal during t h e  experiment. 

w a l l  of t he  chamber is covered with dark lacquer .  

permits  t h e  behavior of t h e  animal t o  be observed v i sua l ly .  

Other necessary condi t ions are 

Regarding this last case, t h e  f r o n t  

The mir ror  we mentioned 

In  our experiments, . i n  t h e  f i r s t  minutes t h e  animal usua l ly  made a number /17 
of o r i en ta t ion  runs along t h e  chamber, a f t e r  which he usual ly  chose one of 

t h e  ends, where he  s tayed u n t i l  t h e  completion of exposure. 

of t he  experiment w a s  from 10 t o  30 minutes. 

The normal length  

In the  experiments, as a r u l e ,  w e  used t h e  most simple s t r a i n s :  white  m i c e  
CC 57 (2 - 3 months o ld )  and white V i s t a r  rats (3 - 4 months o ld) .  Spec ia l  aer-  

ies w e r e  conducted with rats of var ious  ages and a l s o  w i t h  several types of 
wild rodents. 

- Human Experiments 

I n  t h e  l i t e r a t u r e  ava i l ab le  t o  us, t h e r e  w a s  no research s p e i a l l y  dedi- 

ca ted  t o  human gas preference. 

Hertz, 1962) whose purpose w a s  q u i t e  l imi ted :  men a l t e r n a t e l y  breathed air  

and pure oxygen through a mask t o  determine i f  t h e  s u b j e c t s  could d i s t i n g u i s h  

one of t hese  r e s p i r a t o r y  media from t h e  other.  

An exception might be one work ( B a r t l e t t  and 

In our  experiments we  used the p r i n c i p l e  of an a c t i v e  choice of gas  

mixtures brea thedthrougha  mask with a ve rba l  cha rac t e r i za t ion  of each mixture  

by t h e  subjec t .  
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Determining gas preference w a s  not  t he  only aim i n  human observation. The 
dynamics of e x t e r n a l  r e s p i r a t i o n  and several o t h e r  physiological  indices  f o r  

t h e  inha la t ion  of var ious gas mixtures were determined. 

f o r  physiological ana lys i s  of t h e  responses observed i n  t h e  s u b j e c t s  and f o r  t h e  

choice of r e s p i r a t o r y  media. 

This w a s  necessary 

To conduct these kinds of complex experiments, i t  was necessary t o  use  an 

apparatus which could r epor t  accurate  computations of 

v e n t i l a t i o n  i n  the  r e s p i r a t i o n  of var ious mixtures and which could a l s o  provide 

quick and convenient switching of the sub jec t  from one mixture t o  another. The 
composition of each of t h e  inhaled mixtures had t o  remain constant during the  

course of t he  experiment. With t h i s  a i m ,  w e  constructed j o i n t l y  with B. N. 
Volkov and V. M. Mityushov (Breslav et .  a l . ,  1969) an apparatus,  based on 

a hydraul ic  spirograph, which would provide r e s p i r a t i o n  with gas mixtures not  

i n  a closed system (as i n  t h e  usual  spirograph) ,  but  i n  a c i r c u l a t i n g  system 

with an automatic flow of inhaled mixtures through gas counters.  This method 

gives  a constant concentration of each of the r e sp i r a to ry  mixtures and an 

accurate  recording of a volume of r e s p i r a t i o n  pe r  minute. 

mixture t o  another is. accomplished using electric switches,  instantaneously,  

without dis turbing t h e  con t inu i ty  of t h e  recording. 

t h e  dynamics of pulmonary 

Change from one 

The p r i n c i p l e  of t h e  operat ion of t he  apparatus (Figure 3) is  as follows. 

The i n h a l a t i o n  comes from t h e  spiro-  
/18 

The sub jec t  breathes  through a mask (1).  

graph cyl inder  (2), and t h e  exhaled a i r  emerges through a valve (3 ) .  During 

exhalat ion,  a pneumatic mercury pressure switch (4) connected with t h e  mask, 

and a r e l a y  system ( t h e  e l e c c r i c  c i r c u i t  is  not  shown) c l o s e  t h e  corresponding 

electromagnetic i nha la t ion  valve (5) and tu rn  on t h e  automatic flow or  t h e  

mixture t o  the  spirograph from t h e  gas tank (6).  The mixture i s  admitted, 

s i n c e  the  electromagnetic valve (7) is opened and passes through t h e  gas  

counter (8). The power supply c i r c u i t  of t h e  valve is opened by a c e r t a i n  

pos i t i on  of t h e  wr i t i ng  mechanism with a s l i d i n g  contact  ( 9 ) ,  which i s  con- 

nected with the  spirograph cyl inder .  

i ts  o r i g i n a l  l e v e l ,  a t  which the next r e s p i r a t i o n  cycle  begins. Two o r  more of 

these spirograph l i n e s  can operate  i n  t h e  apparatus,  each being connected with 

Consequently t h i s  i s  f i l l e d  exac t ly  t o  
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Figure 3. Diagram of the  spirograph l i n e .  Explanation 
i n  the t ex t .  

a sepa ra t e  gas tank and inha la t ion  valve [ th ree  such valves (10) are depicted 

Fn t h e  diagram! which record the  r e s p i r a t i o n  of a s p e c i f i c  gas mixture. The 

sub jec t  changes from one r e s p i r a t i o n  mixture t o  another by means of a but ton 

switch placed i n  a panel. 

During t h e  experiment, t h e  sub jec t  sa t  q u i e t l y  a t  t h e  panel (Figure 4) 
i n  a comfortable c h a i r  and breathed through a s m a l l  mask which cavered only - I19 
t h e  nose area. This provided n a s a l  r e s p i r a t i o n ,  which is t h e  most physiolog- 

i ca l  r e s p i r a t i o n  with l i t t l e  (about 15 ml) a d d i t i o n a l  dead space. 

During the  course of t h e  experiment, besides  t h e  r e s p i r a t i o n  curve, a 

record of the oxygenation of t h e  sub jec t ’ s  blood w a s  a l s o  kept on t h e  spiro-  

graph tape (using selsyns which dupl icated t h e  readings on t h e  oxyhemograph 

0-36M), as w e l l  as h i s  pulse  (by a s p e c i a l l y  modified pulse  tachometer). 

The dynamics of t h e  composition of t he  exhaled air  w e r e  continuously re- 

corded by a quick-response gas  analyzer GUM-2 and an oxygen analyzer MMG-7. 

17 
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Figure 4. Apparatus f o r  studying human gas preference.  
The sub jec t  i n  t h e  mask is  a t  t h e  panel which switches 
the r e s p i r a t o r y  mixtures. A t  t h e  l e f t  of t h e  panel -- 
t he  u n i t  which automatically supp l i e s  gas mixtures and 
records parameters of r e s p i r a t i o n  and pulse.  

Calculation of t h e  composition of a lveo la r  air  as w e l l  as a l v e o l a r  v e n t i l a t i o n  

w a s  performed according t o  t h e  last f r a c t i o n  of exhalat ion,  using t h e  equations 

of Fenn and Rahn (Fenn, Rahn, O t i s ,  1946). 

Course of t h e  Experiment. Before the  experiment, t h e  sub jec t  r e s t ed  f o r  

20 minutes. 

air, a f t e r  which began a "period of prescr ibed respirat ion",  which served as 
a physiological  index i n  t h e  inha la t ion  of t h e  gas  mixtures used i n  the  

experiment and t o  f i r s t  acquaint the man with t h e  mixture. 

two mixtures w e r e  presented. 

and 15 minutes, and then breathed the  o the r  mixture f o r  t h e  same length of 

time. The mixtures w e r e  changed by commands from a magnetic t a p e  recorder.  

W e  w i l l  c i t e  t he  physiological  c h a r a c t e r i s t i c s  recorded i n  the  last  minute of 

r e s p i r a t i o n  of one o r  o the r  of t h e  mixtures as c h a r a c t e r i s t i c .  

The experiment w a s  begun with f i v e  minutes of breathing room 

I n  each experiment 

The sub jec tb rea thed  t h e  f i r s t  of them f o r  5 ,  10, 

A period of free choice of 10 o r  15 minutes followed t h e  prescribed - / 20  
r e sp i r a t ion .  The sub jec t  could be switched from mixture t o  mixture,  as he 

desired,  u n t i l  h e  se l ec t ed  one of them on t h e  b a s i s  of h i s  own sensations.  

t h e  end of t h e  experiment, he gave a ve rba l  r e p o r t  t o  cha rac t e r i ze  h i s  

sensat ions i n  breathing each of t h e  gas mixtures presented- 

A t  
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The composition of t h e  r e sp i r a to ry  mixtures w a s  not made known t o  t he  

subject .  

and the  loca t ion  of t h e  but tons which t h e  sub jec t  used t o  switch from one 

mixture t o  t h e  o the r  w e r e  c a r e f u l l y  randomized, i.e., they w e r e  var ied i n  a 

consciously random order  t o  avoid the  inf luence of a t tendant  f a c t o r s  (formation 

of conditioned a s soc ia t ion  with t h e  sequence of mixtures o r  t h e  loca t ion  of t he  

switch while breathing a c e r t a i n  mixture) on the  man's d i s t i ngu i sh ing  and 

s e l e c t i n g  of mixtures. 

The order  i n  which t h e  d i f f e r e n t  mixtures w e r e  used i n  t h e  experiments 

General -- P r i n c i p l e s  ~- of- G a s  Preference Evaluation 

W e  used a p r i n c i p l e  which is  based on t h e  comparision of responses displayed 

by t h e  organism t o  supplied mixtures whose composition va r i ed  from experiment 

t o  experiment ( d i f f e r e n t i a t e d )  on t h e  one hand, and responses t o  a mixture 

which remained unchanged i n  all t h e  experiments of a given series (undifferent-  

i a t e d ) ,  on t h e  other .  The character  of t he  und i f f e ren t i a t ed  mixture depended 

on t h e  purpose of t h e  experiment being conducted. This w a s  mostly a i r  of 

ordinary composition (21% O2 i n  ni t rogen) .  

where t h e  component whose e f f e c t  w a s  being s tudied had normal composition. For 
example, i f  responses t o  carbon dioxide with var ious concentrations of oxygen 

w e r e  being s tud ied ,  then we would use an und i f f e ren t i a t ed  mixture with a 

normal, increased o r  decreased (but constant  i n  experiments of each s e r i e s )  

content of oxygen, without an admixture of carbon dioxide. 

mixtures we used those with the  same content of oxygen, but with varying 

concentrations of carbon dioxide. A s i m i l a r  research system f a c i l i t a t e d  

evaluat ion and i n t e r p r e t a t i o n  of t h e  d a t a  received. 

In  any event t h i s  w a s  a medium 

As d i f f e r e n t i a t e d  

I n  t h e  experiments with animals i n  t h e  gasg rad ien t  instrument, t h e  g rad ien t  

of gas composition w a s  set so t h a t  an und i f f e ren t i a t ed  medium w a s  supplied i n  

one end of t h e  chamber, and a d i f f e r e n t i a t e d  one i n  the  other .  

experiments, two r e s p i r a t o r y  mixtures w e r e  offered: d i f f e r e n t i a t e d  and 

undifferent ia ted.  

t h e  tendency of responses t o  a given d i f f e r e n t i a t e d  medium: p o s i t i v e  i f  t h e  

experimental object  p re fe r r ed  t h a t  medium i n  comparison w i t h  t h e  und i f f e ren t i a t ed  

one, or negative,  if t h a t  mixture w a s  r e j e c t e d  and t h e  und i f f e ren t i a t ed  one w a s  

I n  human 

The purpose of t h e  experiment w a s  f i r s t  of a l l  t o  explain 
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preferred.  no preference w a s  shown and i t  had t o  

be concluded t h a t  t h e  sub jec t  organism d i d  not  d i s t i n g u i s h  t h e  o f f e red  mixtures. 

There were a l s o  cases when 

The d i s t i n c t i v e  f e a t u r e  of t he  human h p e r i m e n t s  l a y  no t  only i n  t h e  f a c t  /21 
t h a t  a c t i v e  choice occurs s p e c i f i c a l l y  by human a b i l i t y  -- by manually switch- 

ing r e s p i r a t o r y  mixtures. 

demonstrated preference of one of t he  o f f e red  mixtures,  we  a l s o  considered a 

p a r t i c u l a r l y  human form of response -- t h e  verbal  report .  

experiment 

1) did t h e  o f f e red  r e s p i r a t o r y  mixtures d i f f e r  from each o the r ;  2) which 

mixture seemed b e t t e r ;  3) what sensat ions accompanied t h e  r e s p i r a t i o n  of each 

mixture. 

d i s t i ngu i sh  between r e s p i r a t o r y  media and makes i t  poss ib l e  t o  determine more 

accurately why one o r  another response w a s  made t o  an o f f e red  gas mixture. 

It is  a l s o  important t h a t ,  besides  t h e  a c t u a l l y  

At t h e  end of each 

t h e  sub jec t  had t o  answer t h e  following s tandard questions:  

The ve rba l  report  w a s  an ind ica t ion  of man's a b i l i t y  t o  knowingly 

I n  t h e  overwhelming majori ty  of experiments, t h e  preference expressed 

ve rba l ly  f o r  one o r  o the r  gas mixture concurred with a c t u a l  choice. I f  t h e  

sub jec t  avoided breathing t h e  d i f f e r e n t i a t e d  mixture,  then i n  h i s  ve rba l  

report  he indicated t h a t  t h i s  mixture seemed worse t o  him, and he noted t h e  

unpleasant sensat ions which it caused. On rare occasions t h e r e  was a discrepancy 

between a c t u a l  choice and t h e  ve rba l  resonses of t h e  sub jec t .  For example, 

a man could no t  i n  t h e  time a l l o t t e d  f o r  him choose a mixture,  bu t  i n  h i s  r e p o r t  

h e  indicated a preference which he w a s  i nc l ined  t o  g i v e  one of them. I f ,  on 
t he  o t h e r  hand, he avoided one of the  mixtures,  and i n  t h e  verbal  l n d i c a t i o n  

reported them t o  be equal,  perhaps i t  could be assumed t h a t  a choice had 

occurred subconsciously, and t h e  sensat ions of t h e  sub jec t  i n  breathing t h e  

mixtures did no t  reach the ve rba l i za t ion  level. 

For q u a n t i t a t i v e  evaluat ion of gas preference,  we  used an index of t h e  

choice of the d i f f e r e n t i a t e d  mixture (St) -- t h e  d i f f e rence  between fragments 

of time during which t h e  experimental ob jec t  breathed mixtures ( d i f f e r e n t i a t e d  

and und i f f e ren t i a t ed )  r e l a t i v e  t o  t h t  general  l eng th  of t h e  per iod of f r e e  

choice: 
I d  --t l  

S t  = 7, 
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where td and t. are the time of resp2ration (in minutes) of differentiated 
and undifferentiated mixtures respectively (in animals - total time in 
corresponding zones of the gas gradient instrument; in man - the period of 
time over which he breathed each of the mixtures); T is  the period of choice 
(in animal experiments it agrees with the length of complete exposure to the 

gas gradient instrument). 

1 

If, for example, the index of choice by an experimental animal for a 
determined differentiated mexture is 0.24, this indicated that it avoided a 

given mixture, and the period of time in the differentiated zone of the gas 
In man, gradient instrument was 24% less than in the undifferentiated one. - /22 

such a choice index would mean that the subject breathed in an undifferentiated 

mixture 24% longer than a differentiated mixture. 

* * * *  

The present book studies the gas preference response to the following 
changes in the composition of the respiratory medium: 

(1) reduction in oxygen content (hypoxic mixtures) ; 
(2) increase in oxygen content (hyperoxic mixtures) ; 

(3) 
(4) 
(5) different combinations of these factors. 

increase in carbon dioxide content (hypercapnic mixtures) ; 
replacement of neutral nitrogen gas by helium (helio-oxygen mixtures); 

The results of this research, which we performed on rodents and on humans 
(together with Ye. N. Salatsinskaya and A. M. Shmeleva) are presented in the 
following chapters. 
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Chapter I1 

RESPONSES OF THE ORGANISM TO RESPIRATORY MEDIA W I T H  

ALTERED OXYGEN AND CARBON DIOXIDE CONTENT 

Before discussing gas preference r eac t ions  t o  hypoxic, hyperoxic, o r  hy .- /23 
percapnic media, each time we  are obliged t o  recall b r i e f l y  several character-  

istics of t h e  e f f e c t  t h e s e  mediahaveon t h e  bas i c  physiological  funct ions of 
higher  animals and man and t o  answer t h e  following questions:  

(1) What are t h e  most important adapt ive responses t o  a l t e r e d  oxygen 

and carbon dioxide c o n t e n t s i n  t h e  atmosphere exhibi ted by t h e  

r e s p i r a t o r y  system and t h e  systems connected with it; what are 

t h e  thresholds  of t hese  responses? 

(2) How e f f e c t i v e l y  are these  compensatory s h i f t s  a b l e  t o  support  an 

adequate gas regime f o r  t h e  organism and i ts  normal v i ta l  a c t i v i t y ,  

e s p e c i a l l y  t h e  funct ions of t h e  c e n t r a l  nervous system? 

HYPOXIC MEDIUM 

The most s i g n i f i c a n t  r e s p i r a t o r  response t o  a medium with lowered p a r t i a l  

The threshold of pressure of oxygen is an inc rease  of pulmonary ven t i l a t ion .  

v e n t i l a t o r  response i n  man is considered t o  be a reduction of t h e  oxygen con- 

t e n t  of inhaled a i r  t o  lb-16% ( E l l i s ,  1919; Haldane and P r i e s t l e y ,  1935; 

Voytkevich, 1952). A t  an ascending a l t i t u d e ,  an inc rease  i n  t h e  volume per  

minute of 

above sea  l e v e l  (Lutz and Schneider, 1919; Armstrong, 1952). Apparently ven- 

t i l a t i o n  begins t o  inc rease  when t h e  a lveo la r  oxygen pressure f a l l s  t o  93 nun Hg 
(Hombein, et al., 1961). 

r e s p i r a t i o n  (VRM) can be not iced even on reaching 1000-1200 meters 

Inhal ing a mixture containing 13% O2 causes 
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v e n t i l a t i o n  t o  inc rease  i n  only e i g h t  seconds (Girard et al.,  1959). I n  t h e  

r e s p i r a t i o n  of hypoxic mixtures,  t h e  v e n t i l a t i o n l e v e l  is s t a b i l i z e d  i n  one t o  

two minutes, although oxygen s a t u r a t i o n  of t h e  blood can continue t o  drop 

(Dembeau et a l . ,  1965). 

Ven t i l a to r  response i n t e n s i t y  depends on t h e  degree of decrease of p a r t i a l  /24 
pres su re  of oxygen (P ) in t h e  inhaled mixture. Maximum response (almost 

double inc rease  of VRM) is  observed under t h e  inf luence of a mixture containing 

6 - 8% 02, o r  i n  an "ascent" i n  a pressure chamber t o  7 km (Gray, 1950; 

Beregovkin et al., 1963). 

O2 

On t h e  o t h e r  hand, with an even sharper  decrease of t h e  oxygen content of 

a medium, VRM decreases. In  man, such lowering of pulmonary v e n t i l a t i o n  is ob- 
served i n  breathing a mixture containing less than 6% 0 (Knowles, 1959) - 
more p rec i se ly ,  when ar ter ia l  P drops t o  25 mm Hg (Purves, 1966). 

2 

O2 

Haldane and P r i e s t l e y  (1935) considered frequent and shallow r e s p i r a t i o n  

as t y p i c a l  f o r  hypoxia. Actually,  according t o  da t a  from many researchers ,  

v e n t i l a t o r  response t o  an in su f f i c i ency  of oxygen occurs because of increased 

frequency of r e s p i r a t o r y  movements (Seredenko, 1963; Kirchoff,  1963, and 

o t h e r s ) ,  although several did no t  observe such an e f f e c t  i n  man (Beregovkin 

et  al.,  1963; Buteyko et  a l . ,  1966). Nevertheless,  near ly  a l l  t h e  authors  

agree t h a t  r e s p i r a t o r y  volume (depth of r e s p i r a t i o n )  is c e r t a i n l y  increased 

under hypoxic conditions (Dripps and Comroe, 1947; Asmussen and Nielsen, 1958; 

Beregovkin et  al . ,  1963; and many o the r s )  according t o  i n t e n s i f i c a t i o n  of 

pulse  a c t i v i t y  of t h e  r e s p i r a t o r  neurons i n  t h e  r e s p i r a t o r y  cen te r  and t h e  

muscle-respirator (Kulik, 1967). This  l eads  t o  a considerable inc rease  of 

a l v e o l a r  v e n t i l a t i o n ,  i.e., an inc rease  of t h a t  p a r t  of inhaled air  which 

d i r e c t l y  pene t r a t e s  t h e  a l v e o l i  and p a r t i c i p a t e s  i n  pulmonary gaseous exchange. 

An inc rease  of a lveo la r  v e n t i l a t i o n  a l s o  s e e m s  t o  be t h e  most immediate compen- 

s a t i o n  mechanism f o r  an i n s u f f i c i e n t  oxygen conterxt i n  an inhaled gas mixture. 

An i nc rease  i n  t h e  oxygen supply from lung t i s s u e  i e  another important 

adap ta t ion  t o  an oxygen def ic iency i n  a medium. This is mostly achieved 
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because of changes i n  hemodynamics. 

According t o  Hgldane and P r i e s t l e y  (1937), i n  man t h e  pu l se  increases  when 

V . I .  Voytkevich (1952) noted t h i s  a mixture containing only 17% 0 is inhaled. 2 
r eac t ion  under t h e  inf luence of an 18% mixture (before  

a c t u a l  increase of v e n t i l a t i o n ) ,  and N.A. Rossolovskiy 

ing mountains t o  an  a l t i t u d e  of more than 2000 meters. 

containing 8% 02, o r  an "ascent" i n  a p res su re  chamber 

by increased frequency of h e a r t  contract ions t o  100 o r  

(Chernyakov, 1960; Richardson et  a l . ,  1966). 

it i s  poss ib l e  t o  see an 

(1958) noted it  i n  climb- 

Inha la t ion  of a mixture 

t o  7 km is accompanied 

more b e a t s  Per minute 

A t  threatening degrees of oxygen s t a r v a t i o n ,  tachycardia a l t e r n a t e s  with 

pronounced bradycardia. 

is already an ind ica t ion  of t h e  f a i l  u r e  of regulatory mechanisms (Armstrong, 

This phenomenon, as w e l l  as a decrease of v e n t i l a t i o n ,  

1952). I n  r a b b i t s  such response begins with a decrease of arterial P t o  /25 
O2 30 mm Hg (Horner, 1965). 

Combined with increased s y s t o l i c  volume (Bershteyn, 1966) , increased 

frequency of h e a r t  contract ions with a moderate degree of hypoxia l eads  t o  a 

g r e a t e r  volume of blood pe r  minute (Vogel and Harris, 1967), t h e  magnitude of 

which i n  man, inhal ing a mixture with 8% 0 

t h e  i n i t i a l  volume (Richardson et a l . ,  1966). I n  connection with an inc rease  

of vascular tone (Greenfield and Ebert ,  1963; Fowler and Read, 1963) the l i n e a r  

rate of t he  bloodstream a l s o  inc reases  (Chemyakov, 1960). Mairrtaining an 

adequate oxygen supply t o  t h e  t i s s u e s  is a l s o  achieved by r egu la t ion  of t h e  

regional 'iascular tone (Gurevich and. Bershteyn, 1966). 

can reach 176% i n  comparison with 2' 

Several  changes of metabolism must a l s o  b e  a t t r i b u t e d  t o  adapting mechan- 

isms. It has been noted f o r  a long t i m e  (Kartashevskiy, 1906) t h a t  oxygen 

consumption i n  animals decreases i f  t h e  content of t h a t  gas i n  t h e  medium fa l l s  

below 9%. This phenomenon w a s  subsequently v e r i f i e d  i n  cats (Gubler, 1958; and 

r a b b i t s  (Lyszczarz and Glogowska, 1966). 

Our experiments 'on white m i c e  (Breslav, 1966) showed t h a t  upon exposure 
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t o  a hypoxic atmosphere, t h e  gaseous exchange of experimental animals decreased. 

Such a decrease began when t h e  oxygen content i n  t h e  medium w a s  15.59: o r  less. 

I n  t h e  i n t e r v a l  between 15.5 and 7.5%, t h e  oxygen consumption of t h e  m i c e  cor- 

r e l a t e d  almost completely with i ts  concentration i n  the  atmosphere of t h e  gas- 

exchange chamber. 

exchange i n  man a t  c e r t a i n  degrees of hypoxia, 

ha l ing  mixtures containing 11-8% O2 o r  "ascending" i n  a p res su re  chamber t o  

5-7 km (Sergeyev, 1926; Shick, 1949; Beregovkin et..al.,  1963). It is t r u e  

t h a t  A.Z. Kolchinskaya (1936) noted an inc rease  of oxygen consumption i n  people 

in t h e  pressure chamber at an a l t i t u d e  of 4-7 km, and a decrease only a t  higher  

a l t i t u d e s .  

period of exposure t o  an hypoxic medium (Alexander and Yegorov, 1947, et a l ) ,  

is probably connected with a c t i v a t i o n  of t h e  described compensatory responses 

of r e s p i r a t i o n  and blood c i r c u l a t i o n .  

exchange is not completely clear, bu t  evident ly  it has a comec t ion  with chem- 

i c a l  thermal r egu la t ion  mechanisms under these  condi t ions (K.P. Ivanov, 1959; 

1966; Konstantinov e t  a l .  , 1968). 

A number of authors  have a l s o  observed a reduction of gaseous 

This occurs as a r e s u l t  of in- 

The inc rease  i n  gaseous exchange noted i n  man during t h e  beginning 

The.nature of hypoxic decrease of gaseous 

W e  w i l l  not discuss  physiological  mechanisms of adaptat ion t o  prolonged 

ex i s t ence  i n  an  oxygen-depleted atmosphere, ( t h a t  is t h e  t o p i c  of Chapter V I ) ,  

but  w e  w i l l  l i m i t  ourselves  t o  t h e  question of t h e  e f f ec t iveness  of t h e  immed- 

i a te  adaptat ion responses wi th  which t h e  organism responds t o  hypoxia, and w e  
w i l l  a t t e m p t  t o  explain t o  what degree t h e s e  mechanisms can compensate f o r  the 

l ack  of oxygen i n  a r e s p i r a t o r y  medium. 

Respirat ion of a mixture composed of 13% O2 i n  ni t rogen is  accompanied - /26 

by a decrease of a lveo la r  P of almost ha l f  - from 100-102 t o  50-55 mm Hg 

(Haldana and P r i e s t l e y ,  1935; G i r a r d  et  al . ,  1959). Due t o  t h e  constancy of 

Pco2 (38 mm Hg) and w a t e r  vapor (47 mm Hg), during an a l t i t u d e  increase,  t h e  

oxygen content f a l l s  more quickly i n  t h e  a l v e o l i  than i n  t h e  surrounding atmos- 

phere. A t  a n a l t i t u d e o f  15 km it reaches zero. 

O2 

But t h e  most important c r i t e r i o n  of compensation f o r  an oxygen deficiency 

i n  an  inhaled gas mixture is t h e  Po of arterial blood. in blood drops 
2 
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more slowly than i n  t h e  a l v e o l i :  i n  hypoxia t h e  a l v e o l a r - a r t e r i a l  g rad ien t  of 
decreases (Schuurmans and Kreuzer, 1967). Besides, t h e  S-shaped oxyhemo- 

globin d i s s o c i a t i o n  curve enables the  blood t o  maintain a normal oxygen con- 

t e n t  during s m a l l  degrees of decreased p res su re  i n  a l v e o l a r  air, and, conse- 

quently,  i n  t h e  blood i t s e l f .  Evidently, a decrease i n  oxygenation of t h e  blood 

can be noted i n  man during r e s p i r a t i o n  of a mixture containing 17% 0 

and P r i e s t l e y ,  1935).- V. I. Voytkevich (1952) d i d  n o t  d e t e c t  a decrease of 

oxygen s a t u r a t i o n  of t h e  blood i n  t h e  g r e a t e r  p a r t  of experiments conducted 

inha l ing  a mixture of 18% 02; under t h e  in f luence  of a 16%-mixture, such a de- 

crease w a s  noted i n  s e v e r a l  people - 14%,in t h e  majori ty  and 13%,in a l l  sub- 

jects. The g r e a t e r  t h e  v e n t i l a t o r  response t o  t h e  hypoxic mixture, t h e  less 

t h e  oxygenation of t h e  blood decreased. 

(Haldane 2 

According t o  A.Z. Kolchinskaya (1963), during "ascents" of people i n  a 

pressure chamber, t h e  following q u a n t i t i e s  of oxygen s a t u r a t i o n  are observed 

i n  arterial blood: 

A l t i t u d e  ( i n  lan) 
__  - . . 

1-3 
4-5 

5.5-7 
8-10 

Oxygen s a t u r a t i o n  of t h e  blood ( i n  X )  
__ .. . .. - 

94 - 89 
88 - 70 
70 - 40 
below 40 

These d a t a  concur with t h e  values  obtained by o t h e r  authors  (Vogel and 
Harris, 1967). 

npproximately corresponding degrees of hypoxemia are a l s o  revealed i n  

p re s su re  chamber a scen t s  of rats (Tribukai t ,  1963a). 

O f  dec i s ive  importance i n  es t imat ing t h e  degree of compensation f o r  an 

oxygen def ic iency i n  an organism is t h e  p re s su re  of t h a t  gas i n  t h e  t i s s u e s ,  

e spec ia l ly  i n  t h e  b ra in ,  as it  is  most demanding of oxygen regime conditions.  
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Only i n  r ecen t  years  has it been poss ib l e  t o  explain t h i s  by applying polaro- 

graphic research methods. 

It has been shown with dogs t h a t ,  i n  r e s p i r a t i o n  of mixtures containing /27 
10% 02, t h e  Po 

p i r a t i o n  of a 5%-mixture- only 47% (Kovalenko, 1963). I n  rats, hypoxic media 

cause sharper  s h i f t s  i n  t h e  oxygen regime of t h e  b ra in ;  w i t h  only 13% 02, t i s s u e  

oxygen pressure drops i n  t h e c e r e b r a l  hemispheres to35-45%, and with 9% 0 

55-60% (Bemsteyn, 1968). But t h e  i n s i g n i f i c a n t  decrease of arterial P s t i l l  

does no t  inf luence t h e  oxygen p res su re  i n  b r a i n  t i s s u e .  This is explaiped by 

t h e  fact t h a t  normally t h e  b r a i n  works with an excess of p a r t i a l  pressure of 

oxygen, comprising approximately 9 mm Hg (Dimer, 1965: Bernsteyn, 1966). And 

because of t h e  i n t e n s i f i c a t i o n  of t h e  blood supply t o  t h e  cerebrum (Kety, 1948; 

Gurevich and Bernstein,  1966), t h i s  organ gene ra l ly  appears t o  b e  i n  a p r iv i -  

leged state under hypoxic condi t ions.  

of t h e  b r a i n  comprises 75% of t h e  i n i t i a l  content,  and i n  res- 
2 

t o  2 

O2 

A t  t h e  same t i m e ,  t h e  b r a i n ' s  e x t r a o r d i n a r i l y  high s e n s i t i v i t y  t o  hypoxia 

(Petrov, 1949) allows an inadequacy i n  t h e  de l ive ry  of oxygen t o  t h e  t i s s u e s  

to be determined f i r s t  of a l l  by a dis turbance of t h e  functiong of the c e n t r a l  

nervous system. 

crease, and,at  higher  a l t i t u d e s  (8  km),a sharp inc rease  i n  t h e  threshold of 

l o c a l  i r r i t a t i o n  i n  t h e  motor zone of t h e  co r t ex  (Dolina, 1965). I n  rats, 

response t o  "thermal pain" ( i n t e n s e  heat ing of t h e  ta i l )  (Bullard-grid Snyder, 

1961) decreases during r e s p i r a t i o n  of a mixture wi th  7.5% 0 

I n  "ascending" t o  an a l t i t u d e  of 1.5 km, rats develop a de- 

and completely 2' 
- disappears under the  inf luence of a 5%-mixture. Dogs i n  t h e  pressure chamber 

a t  an "a l t i t ude"  of 1-2 km d i sp lay  an i n t e n s i f i c a t i o n  of t h e  e x c i t a t i o n  pro- 

cesses  and an impairment of d i f f e r e n t i a t i o n s .  A t  an "al t i tude" of 3-5 km they 

show phase condi t ions,  and f i n a l l y  i n  an "ascent" t o  6-7 kms - diffused inhib- 

t i o n  and disappearance of conditioned r e f l e x e s  ( L i f s h i t s ,  1949). This hypox- 

emia causes a breakdown of t h e  dynamic s t e reo type  in dogs, long depression of 
conditioned and even unconditioned r e f l e x e s  (Zvorykin, 1953). 

Generally analogous changes i n  higher  nervous a c t i v i t y  are noted in man 

2 7. 



under hypoxic conditions.  

pressure chamber are: 

impairment of mental responses, reduction of self-cri t ical  a b i l i t y ,  and a 
decrease of e f f i c i ency ;  5.5-7 lan- l o s s  of e f f i c i ency ;  8-9 km-loss  of 

consciousness (Kolchinskaya; 1963; I o s e l i a n i ,  1967) . Man's higher  nervous 

a c t i v i t y  a l s o  s u f f e r s  when mixtures are inhaled i n  which t h e  oxygen concentra- 

t i o n  is  lower than 13% (Bernshteyn, 1968). Inha la t ion  of mixtures containing 

7% 0 o r  less causes a s i g n f i c a n t  change i n  handwriting, and d e t e r i o r a t i n g  

performance on pyschological tests (Balakhovskiy, 1952). 

C h a r a c t e r i s t i c  phenomena during "ascents" i n  a 

a t  a l t i t u d e  of 1-3 k m -  exc i t ed  mood; 4-5 km- 

2 

Charac te r i s t i c  changes are observed i n  electroencephalograms of man with 

t h e  inha la t ion  of mixtures containing 12-10% O2 ( o r  less) and when "ascending" 

i n  a pressure chamber t o  an a l t i t u d e  of more than 4 km (Berger, 1934; Altukhov 

and Malkin, 1952; Kolchinskaya, 1963; Caspers and Schutz, 1963; Repin, 1965; 

Madarasz e t  a l . ,  1965). 

Summarizing what has been discussed, i t  can b e  concluded t h a t  a decrease /28 
i n  t h e  oxygen content of inhaled a i r  t o  18-17% o r  correspondingly, exposure t o  

an a l t i t u d e  of 1-2 km above sea level, is t h e  threshold of r e s p i r a t o r y  and cir- 
culatory responses t o  hypoxia. 

These responses reach a m a x i m u m  under t h e  in f luence  of r e s p i r a t i o n  of 

mixtures with 8-6% 0 o r  ascension t o  an a l t i t u d e  about 7 km. 2 

S t r i c t l y  speaking, t h e r e  is  no complete compensation f o r  hypoxic s h i f t s  

when t h e r e  is an oxygen insu f f i c i ency  i n  t h e  r e s p i r a t o r y  medium ( f o r  reasons 

which w i l l  be  e lucidated i n  Chapter VI. 
ses, s h i f t s  of P i n  t h e  blood and t i s s u e s  ( e spec ia l ly  in t h e  b ra in )  occur 

much more slowly than t h e  oxygen content drop i n  t h e  inhaled mixture. 

However, because of adapt ive respon- 

O2 

A marked impairment of an organism's oxygen regime develops during inhala- 

t i o n o f  mixtures with 17-16%.02,0r a t  an a l t i t u d e  of 1.5-2 km. From t h i s  moment 

t h e  f i r s t  i nd ica t ions  of hypoxia of t h e  b r a i n  become pronounced. 

of mixtures containing less than 7-6% 0 

- 
Inha la t ion  

o r  an ascen t  t o  an a l t i t u d e  of 7 km 2' 
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and more, l eads  t o  sharp impairment of t h e  cen t rd  nervous system funct ions,  

depression of adapt ive responses, and consequently t o  t h e  organism's l o s s  of 

a b i l i t y  t o  compensate i n  any degree f o r  a shortage of oxygen i n  t h e  medium. 

L e t  us d i scuss  more throroughly t h e  question of how much the  organism is 

a b l e  t o  d i sce rn  t h e s e  degrees of oxygen insu f f i c i ency  i n  t h e  atmosphere and how 

t h i s  a b i l i t y  is revealed i n  t h e  gas preference of animals and man. 

Hypoxic G a s  Preference i n  Animals 

"And h e r e  is  what happend a t  t h e  a i r f i e l d  where they w e r e  t e s t i n g  air- 

planes", says a popular science jou rna l .  "Having received t h e  assignment, 

t h e  test p i l o t  took h i s  p l ace  a t  t h e  con t ro l s  ... The engines roared, t h e  

steel machine r o s e  i n t o  t h e  a i r  and began t o  gain a l t i t u d e .  Already t h e r e  w a s  

nothing t o  b rea the  i n  t h e  a i r p l a n e  compartment. 

gen. 

a i r p l a n e  - goodness knows how - while i t  w a s  on t h e  ground. 

mouse gasped f o r  breath.  

t o  spr ing up onto t h e  chest  of h i s  t e r r i b l e  enemy -man, and c l i n g  t o  t h e  

valve from which a l i t t l e  oxygen w a s  escaping. The l i t t l e  mouse sat i n  t h i s  

p o s i t i o n  u n t i l  t h e  end of t h e  f l i g h t .  

l i t t l e  rodent ran away i n  a f l a s h .  

The p i l o t  switched on t h e  oxy- 

And he re  he suddenly not iced a l i t t l e  mouse which had got ten i n t o  t h e  

Now t h e  l i t t l e  

And he re  some s o r t  of unaccountable sense caused him 

As soon as t h e  plane descended, t h e  
l I ( U  

This incident  ( i f  t r u e )  i n d i c a t e s  t h a t  an animal, under conditions of a - 129 

s p a t i a l  oxygen gradient ,  e x h i b i t s  a negat ive behavioral  response t o  an hypoxic 

medium. However, i n  s c i e n t i f i c  l i t e r a t u r e  w e  f i n d  no experimental f a c t s  of a 

s i m i l a r  kind. And what is more, Sommers (1963) showed t h a t  a t o r t o i s e  does 

not  d i s t i n g u i s h  anoxic composition of t h e  a i r  supply i n  its a i r  bladder when 

i t  is  immersed i n t o  water. But t h e  sub jec t  s e l e c t e d  by Sommers is not very apt :  

t h e  low level of gaseous exchange combined with t h e  high oxygen capaci ty  of t h e  

blood and t h e  i n s e n s i t i v i t y  of t h e  c e n t r a l  nervous system t o  extreme degrees 

'"See s t o r y  of B. Rzhevskiy "Trouble Teaches", Nauka i r e l i g i y a  (Science 
and Religion,)No. 7, 1967, p. 53. 
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of hypoxia enables many t o r t o i s e s  t o  b rea the  under water f o r  a long time 

(Belkin, 1968). 

I n  our experiments (Breslav, 1963, 1965b), t h e  animals were s tudied with 

a gas gradient  instrument. 

d i f f e r e n t i a t e d  zone (Figure 5 )  . 
A more o r  less hypoxic medium w a s  created i n  t h e  

(2) 

We found t h a t  white  mice sca rce ly  r e a c t  t o  a mixture where t h e  oxygen con- 

t e n t  is lowered t o  18 and even 15%. 

12.5% 02, pre fe r r ing ,  i n  t h e  overwhelming majori ty  of cases ,  t h e  und i f f e ren t i a t ed  

( a i r )  zone of t h e  instrument. 

content w a s  5% at  t h e  d i f f e r e n t i a t e d  end of t h e  chamber. 

of almost pure ni t rogen (2% O,), t h e  behavior response of t h e  animals w a s  

weaker, obviously because of t h e i r  slowed down state i n  such an atmosphere. 

Some of t h e  experimental m i c e  (about 10%) d i d  no t  even succeed i n  withdrawing 

from the  hypoxic zone, and died t h e r e  from acu te  oxygen s t a rva t ion .  

But t h e  m i c e  c l e a r l y  avoided a mixture of 

Negative response w a s  maximum when the  oxygen 

I n  a medium composed 

- / 30 

In white rats t h e  threshold of negat ive response t o  hypoxic mixtures w a s  

higher and corresponded t o  11-10.5% oxygen content i n  t h e  d i f f e r e n t i a t e d  zone 

of t h e  gas gradient  instrument. 

s i t i v i t y  of ra ts  t o  an oxygen insuff ic iency.  

r e f l e c t s  t h e  behavior of a rat i n  a hypoxic g rad ien t  (from 21 t o  10% 0 ). 

With a decrease of t h e  oxygen concentration in  t h e  d i f f e r e n t i a t e d  mixtures t o  

72, avoidance by t h e  rats of t h e  hypoxic zone increased. 

Such a d i f f e rence  could b e  caused by less sen- 

Figure 6 shows a kymogram which 

2 

Thus, animals exh ib i t  negat ive behavior response t o  a medium with a cer- 

t a i n  degree of decreased p a r t i a l  pressure o€ oxygen. 

Precisely what f a c t o r s  cause such response? Corresponding research i n  

man must help t o  answer t h i s  question. 

- - -  - - ._ - _. . -  _ _  

' 2 r n  this and o the r  f i g u r e s  t h e  vertical  l i n e s  represent  standard 
e r r o r s  (m). 
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Hypoxic G a s  Preference i n  Man 

+0.1 
0 

-0.1 
-0.2 
10.3 
-0.4 
-0.5 
-0.6 
-0.7 
-0.8 I- 
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Figure 5. Hypoxic gas preference 
of rats (1) and m i c e  (2).  Average 
da ta  from 20-40 animals. 

Ver t i ca l ly  - choice index f o r  
t h e  d i f f e r e n t i a t e d  zone (St); 

Horizontally - percent of oxygen 
i n  t h e  d i f f e r e n t i a t e d  zone. 

0 1 2  3 4 5 6 7 8 9 IO 

Figure 6. 
ment of rats i n  a hypoxic gradient  (from 
2 1  t o  10% 02). 

preference by t h e  animals f o r  t h e  a i r  
medium i n  comparison w i t h  t h e  hypoxic. 
Beneath - t i m e  ( i n  minutes). 

A kymogram showing move- 

There is  a d i s t i n c t  

Analyzing evidence from t h e  

first b a l l o o n i s t s ,  and a l s o  t h e i r  

own experimental observations,  

Haldane and P r i e s t l e y  repeatedly 

emphasized t h e  l a c k  of s p e c i f i c  

s ensa t ions  which would allow 

people t o  n o t i c e  a v i t a l l y  danger- 

ous decrease i n  the  oxygeq content 

of t h e  surrounding medium. During 

a balloon f l i g h t  (1875) t h i s  f a c t  

kept Croce-Splnelli,  S ive l ,  and 

Tissandier  from using t h e  oxygen 

they took with them, and as a re- 

s u l t  two of them died. S i m i l a r  

observat ions are a l s o  c i t e d  by 

A.A. Sergeyev i n  h i s  "Ocherki 

PO is t o r i i  avia t sionnoy medit s iny " 

(Essays on t h e  History of Aviation 

Medicine) (1962). 

"Few diseases",,,writes Arm- 

s t rong,  "are a b l e  t o  cause such 

extreme changes i n  an organism 

(including death) and have a t  t h e  

same time such weak sub jec t ive  

manifestat ions as a l t i t u d e  sick- 

ness.  It can o f t en  be observed 

t h a t  a man with a l t i t u d e  s ickness  

l o s e s  consciousness without any preliminary effects" .  (1954, p. 221) 

What is  more, oxygen s t a r v a t i o n  is o f t e n  accompanied by an euphoric 
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i n tox ica t ion - l ike  state, concluded by a sudden l o s s  of consciousness. Rapid 

decrease of t h e  oxygen content i n  inhaled a i r  a l s o  l eads  t o  l o s s  of conscious- 

ness ,  sometimes with t h e  sensat ion of a blow. It is  t r u e  t h a t  i n  c e r t a i n  

degrees of hypoxia ( rapid ascent t o  an a l t i t u d e  of 3-3.6 km o r  higher) man can 

f e e l  "general physical  l e tha rgy  and vague mental anxiety", f l i c k e r i n g  i n  t h e  

eyes, asphyxia, giddiness ,  etc. But with f u r t h e r  i n t e n s i f i c a t i o n  of oxygen 

s t a rva t ion ,  t h e  acuteness of sensat ions is rap id ly  dul led,  probably because of 

impairedsensoryfunctions of t h e  nervous system (Armstrong, 1952). 

Therefore, i n  av ia t ion  medicine, t h e  use of oxygen f o r  r e s p i r a t i o n  i n  high- 

a l t i t u d e  f l i g h t s  (na tu ra l ly  i n  an unsealed cabin) is absolutely compul&ory, re- 
gardless  of how t h e  crew f e e l s .  

The opinion t h a t  man is  unable t o  eva lua te  t h e  adequacy of t h e  oxygen con- 

t e n t  i n  a r e s p i r a t o r y  medium by h i s  own sensat ions is  confirmed by numerous 

s t u d i e s  of oxygen s t a r v a t i o n  i n  an organism (Petrov, 1949, and many o the r s ) .  

A t  t h e  same t i m e ,  i t  cannot be assumed t h a t  hypoxic s i g n a l s  do not  reach 

t h e  higher s ec t ions  of t h e  nervous sytem. I n  animals as w e l l  as i n  man, condi- 

t ioned r e f l exes  are q u i t e  e a s i l y  developed, where a r e s p i r a t o r y  medium with a 

decreased oxygen content serves as an unconditioned irritant (Voytkevich, 1952; 

Arkhangel 'skaya and Segal'  , 1954, e t  a l .  ) . 
I n  our research, (Breslav and Salatsinskaya, 1968) during t h e  experiment 

a man a l t e r n a t e l y  inhaled a i r  (und i f f e ren t i a t ed  mixture) and a d i f f e r e n t i a t e d  

mixture with a decreased concentration of oxygen (from 18-7%) i n  nitrogen. 

Figure 7 w e  see t h e  responses of sub jec t s  i n  experiments where t h e  assigned 

r e s p i r a t i o n  period of t hese  mixtures w a s  l i m i t e d  t o  f i v e  minutes. 

I n  

Under these condi t ions i t  w a s  found t h a t  most people did no t  d i s t i ngu i sh  

mixtures containing 18-15% 0 from air ;  some s u b j e c t s  avoided a 12% mixture. 

Media with 10.5-9% oxygen concentration caused s t a t i s t i c a l l y  s i g n i f i c a n t  nega- 

t ive response. F ina l ly ,  an  even more depleted mixture (7% 02) w a s  r e j e c t e d  i n  

nea r ly  a l l  cases. - 132 

2 
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I n  choosing t h e  d i x t u r e s ,  t h e  sub- 

jects  c i t e d  unpleasant sensat ions which 

w e r e  character ized i n  verbal  r e p o r t s  

mostly as "it is  d i f f i c u l t  t o  breathe"; 

more r a r e l y  as "suffocating", "not 

enough air", "dizziness", "cloudy vision",  

etc. Such sensat ions as a r u l e  d id  not  

appear before  t h e  2nd-3rd minute of 

rl 80- -0.2- 4 70- -0.3- 
u 60--0.4- 'z  50- -0.5- 
4 40- -0.6- 
u-r 30--0.7- 
0 20--0.8- breathing an hypoxic mixture. One of 

t h e  experiments is  shown i n  Figure 8, 

where t h e  d i f f e r e n t i a t e d  mixture contained Figure 7. Hypoxic gas preference of 
man. Average d a t a  from 45 sub jec tb ,  9% 0,. 
Columns - choice index f o r  t h e  
d i f f e r e n t i a t e d  zone (St);  
Sol id  l i n e  - VRM; 
Broken l i n e  - s a t u r a t i o n  of t h e  
blood with oxygen ( i n  % of t h e  

L 

I f  w e  compare, on t h e  one hand, t h e  

curves of increased pulmonary ven t i l a -  

i n i t i a l ) .  Horizontal  - % of t i o n  and decreased oxygenation of t h e  
oxygen in t h e  d i f f e r e n t i a t e d  
mixture. blood with,  on t h e  o the r ,  t h e  responses 

of t h e  sub jec t s  t o  these  mixtures (gas 

preference) ,  i t  can be noted t h a t  t h e  

degree a€ avoidance of one o r  o the r  mixture is general ly  proport ional  t o  t h e  

hypoxemia caused by it. Actually,  t h e  negat ive choice of hypoxic mlxtures by 

t h e  sub jec t s  c o r r e l a t e s  very w e l l  with t h e  percentage of incomplete oxygen 

s a t u r a t i o n  of t h e  blood, and less W e l l  with t h e  i n t e n s i t y  of v e n t i l a t o r  response 

t o  these  mixtures. Corresponding c o r r e l a t i o n  c o e f f i c i e n t s  are + 0.99 & 0.05 and 

-0.92 * 0.13. 

This revealed t h a t  t h e  t i m e  during which t h e  hypoxic medium a c t s  a l s o  has  

an influence.  

L e t  us consider subjec; response t o  5-, lo-, and 15-minute inha la t ions  of 

s l i g h t l y  (15%), moderately (12%), and s i g n i f i c a n t l y  (9%) depleted oxygen gas m i x -  

t u r e s  (Figure 9) .  

reached a maximuminthelst-2nd five-minute period. By t h e  f i f t h  minute, a l v e o l a r  

a i r  has an almost constant composition. 

During r e s p i r a t i o n  of hypoxic mixtures, pulmonary v e n t i l a t i o n  - /34 

Oxygenation of t h e  blood continued t o  
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f -  

% Hb 02 21% O2 in N2 9% O2 i n  N2 21% O2 i n  N p  
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Figure 8. Saturagion of t h e  blood with oxygen (11, spirogram (21, and pulse  
(3) of a man breafhing a i r  and a hypoxic mixture. Preference by the subjec t  
f o r  the a i r  mixture i n  comparison with the  hypoxic i s  d i s t i n c t .  Figures: 
i n  2 -- VRM ( i n  l i t e r s ) ;  i n  3 - pulse  ( i n  beats/min); 4 - t i m e ,  5/30 sec. 
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Figure 9. 
l eng ths  of breathing t i m e .  

Responses of man t o  hypoxic mixtures i n  var ious 
Average d a t a  from 12 sub jec t s .  

Dotted curve - a l v e o l a r  Po . Horizontally - l eng th  of 
2 

periods breathing given mixtures ( i n  min.). The rest of 
t h e  legend i s  t h e  same as i n  Figure 7. 

decrease t o  t h e  15 th  minute, bu t  not  nea r ly  as sharply as i n  t h e  f i r s t  f i v e  

minutes. A t  t h e  same time, negat ive choice of s l i g h t l y  and moderately hypoxic 

mixtures developed only i f  r e s p i r a t i o n  time subsequently reached 10 o r  15 

minutes. 

crease of oxygenation of t h e  blood it causes,  t h e  less time man needs t o  dis-  

t i ngu i sh  t h i s  mixture from air. 

Thus, t h e  more oxygen-depleted t h e  gas mixture and t h e  g r e a t e r  de- 

Inhalat ion time and t h e  degree of hypoxemia necessary f o r  man t o  d i s t ing -  

uish hypoxic mixtures werestudied i n  t h i s  form: 

Length of given r e s p i r a t i o n  
per iod i n  which s u b j e c t s  re- 

Average decrease 
Oxygen content i n  of oxygenation of 
r e s p i r a t o r y  mixtures l i a b l y  d i s t i n g u i s h  mixtures t h e  blood by end 

(a (in min.) of t h e  inha la t ion  
period (XI. 

15 
12  
10.5 

15 
1 0  
5 

9 
17  
24 
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It may b e  i n f e r r e d  t h a t  avoidance of hypoxic media does not  develop simply 

with a c e r t a i n  decreased oxygenation of t h e  blood, but j u s t  at t h a t  moment when 

some t o t a l  oxygen def ic iency is  es t ab l i shed  i n  t h e  organism. 

/ 35 But i f  t h i s  is  so, then man must a l s o  d e t e c t  h i s  own hypoxic condi t ion - 
when t h e  oxygen content i n  a medium decreases gradual ly  and evenly. 

A s  a matter of fact ,  A.B. Gandel'sman (1965) showed t h a t  it is poss ib l e  

f o r  man t o  develop t h e  a b i l i t y  t o  eva lua te  q u i t e  accu ra t e ly ,  on t h e  b a s i s  of 

n a t u r a l  sensat ions,  t h e  oxygenation level of h i s  own blood when hypoxia w a s  
gradual ly  developed during r e s p i r a t i o n  i n  a closed system. 

W e  conducted a similar experiment t o  explain a somewhat d i f f e r e n t  problem: 

a t  what moment can man, not  previously s p e c i a l l y  t r a i n e d ,  g i v e  a ve rba l  r e p o r t  

about h i s  change of s ensa t ion  i f  t h e  oxygen content is  decreased gradually,  and 

no t  suddenly as with switching r e s p i r a t o r y  mixtures. 

The experiment w a s  as follows. The s u b j e c t s  breathed air  through a mouth- 

p i ece  f o r  5 minutes, then switched t o  a closed system of r e t u r n  r e s p i r a t i o n  

(Krogh apparatus) . The oxygen content i n  t h e  a i r  of t h e  system gradual ly  de- 

creased i n  proportion t o  oxygen consumption. Liberated carbon dioxide w a s  

absorbed by sodium l i m e .  

t h e  composition of t h e  r e s p i r a t o r y  mixture" (a statement i n  t h e  in s t ruc t ions ) .  

he gave a s i g n a l .  

pressed s igns  of oxygen s t a r v a t i o n  (tremor, damage t o  muscular tone, l o s s  of 

consciousness) o r  u n t i l  t h e  sub jec t  indicated a f e e l i n g  of t h e  imposs ib i l i t y  

of f u r t h e r  r e sp i r a t ion .  I n  t h i s  las t  case, he himself switched t o  air  respira-  

t i on .  

* 

A t  t h e  moment when t h e  sub jec t  not iced "a change i n  

Then r e t u r n  r e s p i r a t i o n  continued u n t i l  t h e  onset  of ex- 

Afte r  t h e  experiment, t h e  subject  gave a ve rba l  r epor t  of h i s  sensat ions.  

A s  shown i n  Figure 10, a change in how t h e  sub jec t  f e l t  u sua l ly  began in 

t h e  8-9th minute of r e t u r n  r e s p i r a t i o n  i n  t h e  closed system. The sensat ions 

* 
Trans la to r ' s  Note: Named a f t e r  a Danish physiologis t  noted for research 

on t h e  c a p i l l a r i e s .  
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Figure 10. Spirogram (1) and oxygen s a t u r a t i o n  of t h e  blood 
( 2 )  i n  man i n  r e t u r n  r e s p i r a t i o n  and gradually increasing 
hypoxia. 

Figures - VRM ( i n  l i t e r s ) ;  upward arrow - t h e  moment when 
t h e  composition of t he  inhaled mixture i s  dis t inguished;  
downward arrow - active switching t o  air; 3 - t i m e  ( i n  
min) ; l e f t  - scale of r e s p i r a t o r y  volumes ( i n  liters) ; 
read from r i g h t  t o  l e f t .  

noted mostly w e r e  labored breathing,  shortage of a i r  - more r a r e l y ,  giddiness 

and a pounding i n  t h e  temples. A t  t h i s  moment t h e  average oxygen content i n  

t h e  medium w a s  about lo%,  and oxygenation of t h e  blood w a s  about 80%. After  

t h i s  t h e  sub jec t  could s t i l l  b rea the  i n  t h e  closed system f o r  2-3 minutes u n t i l  

t he  experiment ended. The oxygen content i n  t h e  system by t h e  end of t h e  ex- 

periment f e l l  t o  6%, b u t  oxygenation of t h e  blood f e l l  t o  60% o r  somewhat 

lower. 

I n  seve ra l  r e spec t s  t h e  d a t a  resemblb p a r a l l e l  observat ions i n  man made 

by I.S. Balakhovskiy (1952) of t h e  changes i n  b i o e l e c t r i c  a c t i v i t y  of t he  b ra in  

and oxygen s a t u r a t i o n  of the blood during r e s p i r a t i o n  of an hypoxic medium. 

With oxygenation of t h e  blood t o  67-78% 0 2 ,  an encephalogram showed i s o l a t e d  

slow f luc tua t ions :  t h i s  conforms t o  t h e  f i r s t  i nd ica t ions  of impairment of 
higher  nervous a c t i v i t y  (change of handwriting, extended t i m e  of psychic 

response). With s a t u r a t i o n  of t h e  blood t o  48-68% 0 2 ,  groups of shallow f luc-  

t u a t i o n s  developed, and s h o r t l y  a f t e r  t h e  sub jec t  required an end t o  t h e  

experiment. 

- / 36  

Thus, both animals and man d i s t i n g u i s h  a change i n  t h e  composition of an 
inhaled mixture i f  its oxygen content decreases about h a l f .  This moment 
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corresponds t o  a s i g n i f i c a n t  decrease i n  the oxygenation of the blood and in- 
creased pu l se  frequency. P a r t i a l  p re s su re  of oxygen, corresponding to t h e  

threshold found i n  ou r  experiment, which develops wi th  hypoxic preference,  takes  

place under n a t u r a l  condi t ions at an a l t i t u d e  of 4-5 km above sea level. 

I n  a v i a t i o n  medicine, t h i s  region is c a l l e d  t h e  p a r t i a l  compensation zone: 

c e r t a i n  dis turbances of a number of physiological  funct ions of t h e  organism 

appear here. I f  w e  confine ourselves  t o  t h e  c l a s s i f i c a t i o n  suggested by A. 2. 

Kolchinskaya (1963), t h i s  i n d i c a t e s  the s t age  of so-called compensatory hypoxia 

(which changes t o  t h e l a t e n t h y p o x i a  observed a t  an  a l t i t u d e  of 1-3 km).. A t  t h i s  

s t a g e  i n  add i t ion  t o  r e s p i r a t o r y  responses, mechanisms are a c t i v a t e d  whfch in- 

crease t h e  blood supply t o  v i t a l l y  important organs. I n  essence, t h i s  compenaa- 

t i o n  i s  not complete. This is expressed by t h e  ind ica t ed  changes i n  a number 

of funct ions,  e s p e c i a l l y  those of t h e  c e n t r a l  nervous system. 

2 Maximum negat ive responses i n  mice and rats t o  mixtures containing 5-7% 0 

correspond to t he  sharp (approximately h a l f )  decrease of oxygen s a t u r a t i o n  of 

t h e  blood i n  animals and ind ica t ions  of t i s s u e  hypoxia (Atland et al . ,  1967). 

Therefore, negat ive response t o  an hypoxic r e s p i r a t o r y  medium is evident ly  /37 
connected t o  t h e  development of a non-compensatory dis turbance of t he  oxygen 

regime i n  t h e  organism, more accu ra t e ly ,  of c c e r t a i n  degree of oxygen 

def ic iency . 
HYPFaOXIC m1UM 

Under n a t u r a l  conditions land c rea tu res  never encounter increased p a r t i a l  

pressure of oxygen i n  t h e  atmosphere; t h e r e f o r e  hypoxia appears t o  b e  a non- 

b i o t i c  f a c t o r .  

Neverthless,  r e s p i r a t i o n  of oxygen-enriched mixtures causes uniform res- 

ponses from a number of t h e  organism's systems. 

does not have only t h e o r e t i c a l  importance. 

means. 

A study of t h e s e  responses 

Oxygen is  widely used as a t h e r a p e u t i c  

Divers must o f t e n  work i n  a medium t h a t  has increased p a r t i a l  pressure 



of oxygen. 

hyperoxic mixtures. 

A t  least  i n  some cases, cosmonauts w i l l  probably a l s o  have t o  b rea the  

The majori ty  of researchers  n o t e  t h a t  i n  breathing pure oxygen o r  hyperoxic 

mixtures (containing more t h a n -  30% 02), pulmonary v e n t i l a t i o n  i n  animals and 

man decreases (Campbell, 1928; Euler and L i l j e s t r a n d ,  1940-41; Zhironkin, 1956; 

Lembertsen, 1963b; Kovalenko 
ance with decreased pu l se  a c t i v i t y  of i n s p i r a t o r  neuronsand muscles (Kulik, 

1967). It i s  t r u e  t h a t  several authors ,  on t h e  o t h e r  hand, consider moderate 

hypervent i la t ion t o  b e  c h a r a c t e r i s t i c  of hyperoxia (Behnke et al., 1935; 

Golodov, 1941; Heck and Loschcke, 1942; Cross and Warner, 1951; Brandis et al., 

1960). 

et  al . ,  1964; Mcrtz and Begenat, 1965) i n  accord- 

Detailed observations have shown t h a t  even i n  2-6 seconds after t h e  begin- 

ning of i nha la t ion ,  oxygen causes decreased v e n t i l a t i o n .  

and, according t o  var ious da t a ,  comprises 3 t o  31% of the  o r i g i n a l  l e v e l .  Such 

a decrease of VRM i s  evident ly  explained by deac t iva t ion  of hypoxic s t imu la t ion  

of ar ter ia l  hemoreceptors, by t h e i r  "physiological denervation", which is  t r e a t e d  

i n  Chapter V. 
( ac id3 f i ca t ion  of blood because of increased oxyhemoglobin content and o t h e r  

f a c t o r s ) ,  v e n t i l a t i o n  again reaches t h e  o r i g i n a l  level o r  even exceeds it (Dripps 

and Comroe, 1947; Dejours, 1962; Backsliger e t  a l ,  1963). 

This l a s t s  1-3 minutes 

With subsequent r e s p i r a t i o n ,  i n  connection with secondary s h i f t s  

A reduction i n  r e s p i r a t o r y  movement is a more s t a b l e  response t o  hyperoxia 

( B e r t ,  1878; Briggs, 1920; Binet and Bochet, 1955; Zhironkin, 1956; Zhironkin 

et a l .  , 1965; Gleason and Edwards, 1963). 

Thus, r e s p i r a t o r y  responses t o  excessive oxygen content a c t u a l l y  l ead  t o  

s i g n i f i c a n t  changes of a lveo la r  v e n t i l a t i o n  and cannot have se r ious  adapt ive 

importance. 

/38 

The case of t h e  cardio-vascular system is  evident ly  d i f f e r e n t .  A slowing 

down of t h e  pu l se  is q u i t e  c h a r a c t e r i s t i c  i n  hyperoxia (Ananov, 1873; B e r t ,  

1878; Behnke et al., 1935; Berkovich and Shakhnovich, 1940; Meda, 1950; 
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Sorokin, 1960; Redderson and Grawenstein, 1964; Mollaret  et  a l . ,  1965). A t  

t h e  same t i m e ,  t h e  s y s t o l i c  and P e r  minute volume of blood decreases (Anthony, 

1940; Sorokin, 1960; Aber et  a l . ,  1964). Arterial pressure,  according t o  t h e  

majori ty  of authors  (Bezugliy, 1958; Backsliger,  1965; et al. ) drops. 

A r e s u l t  of t h e s e  s h i f t s  is a reduct ion of t h e  bloodstream rate (Sorokin, 

1960; Jackobson e t  .al., 1963; Redderson and Grawenstein, 1964), which i n  tu rn  

reduces t h e  oxygen supply from t h e  lungs t o  t h e  t i s s u e s .  Limiting oxygen trans- 

p o r t  a l s o  causes a decrease i n  t h e  mass of c i r c u l a t i n g  blood (Sorokin, 1960) and 

c o n s t r i c t i o n  of pe r iphe ra l  vessels (Brandgendler, 1927; Sorokin, 19601 Redderson 

and Grawenstein, 1962; Robert, 1965), i n  p a r t i c u l a r  t hose  of t h e  b r a i n  ,(Tinel, 

1927; Dumke and Schmidt, 1943; Klossovskiy, 1951; Lambertsen et 'al . ,  1953; 

Womack, 1961; Bergofsky and Bertun, 1966). 

A discussion of t h e  e f f e c t s  observed i n  prolonged r e s p i r a t i o n  of hyperoxic 

mixtures under pressure does not e n t e r  i n t o  our  task.  It is well-known t h a t  

such e f f e c t s  cause a complex group of phenomena of oxygen poisoning i n  t h e  or- 

ganism, character ized by q u a l i t a t i v e l y  d i f f e r e n t  s h i f t s  of physiological  

funct ions.  

How does t h e  oxygen regime of an organism change i n  hypoxia? 

Alveolar oxygen pressure i n  a i r  r e s p i r a t i o n  comprising 102-107 mm Hg in- 

creases with inha la t ion  of a mixture of 50% oxygen and n i t rogen  t o  300, and i n  

r e s p i r a t i o n  of pure oxygen t o  650 mm Hg (Meda, 1950; Bishop and Cole, 1962). 

However, i n s p i r a t i o n  of hyperoxic mixtures impairs t h e  d i s t r i b u t i o n  of gas i n  

t h e  lungs (Howard and Penman, 1967). I n  connection with a change of t h e  

vent i la tor-perfusion c o e f f i c i e n t ,  t h e  alveolar-perfusion gradient  P increases ,  

so t h a t  oxygen pressure i n  arterial blood i s  increased somewhat less i n  compari- 

son with a lveo la r  blood (Lenfant, 1,965, et al.).  This is a l s o  a s s i s t e d  by t h e  

opening of arteriovenous anastomoses (bypasses) i n  t h e  pulmonary cycle (Bishop 

and Cole, 1962, and o the r s ) .  

O2 

Nevertheless, arterial Po. i nc reases  5-6 times during r e s p i r a t i o n  of pure 
2 
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oxygen (Said et al.,  1961) reaching 400-500 mm Hg i n  t he  f i r s t  1-2 minutes 

( H e l l e r  and Watson, 1961). The oxygen content of t h e  blood inc reases  almost 

exclusively because of dissolved gas by 2.2 - 2.4 vol .  % o r  by 10-12% of i ts  

content i n  t h e  blood during a i r  r e s p i r a t i o n  

McDoval-1, 1964; Mollaret et al.,  1965). The po in t  is t h a t  oxygenation of 

hemoglobin i n  a r te r ia l  blood, normally c o n s t i t u t i n g  96-97%, reaches 100% with 

an a l v e o l a r  P 

i . e . ,  i n  breathing a mixture containing 35% O2 (Mattes 

and Edholm, 1949; K r e s s ,  1959; Honda and Kreuzer, 1966). 

- /39 

(Anthony, 1940; Dedyulin, 1949; 

of 170-180 mm Hg (arterial Po corresponding t o  130-140 mm), 
O2 2 

et al., 1937; Douglas 

Because of t h e s e  f a c t s ,  oxygen pressure i n  the  t i s s u e s ,  e spec ia l ly  i n  t h e  

b ra in  (where, as has been s a i d ,  t h e  vessels undergo spasms), increases  compara- 

t i v e l y  l i t t l e  (Marshak, 1963; Grechishkin, 1964; Zhironkin et  al. , 1966; 

Ackerman and Brincley, 1966; Bergofsky and Bertun, 1966). Within 1 - 1.5 

minutes a f t e r  t h e  beginning of i nha la t ion ,  r e s p i r a t i o n  of oxygen causes an in- 

crease of P (maximum) i n  var ious sec t ions  of t h e  b r a i n  of no t  more than 

1.5 - 2 times, compared with normal (Kovalenko and o the r s ,  1961, 1964; I l i n ,  

1966). 

(Backsliger,  1965; Gaudebout et al . ,  1965). 

O 2  

Oxygen pressure i n  t h e  s p i n a l  f l u i d  inc reases  slower than i n  t h e  blood 

Hyperoxia i s  accompanied by s e v e r a l  func t iona l  s h i f t s  i n  t h e  c e n t r a l  nerv- 

ous system, although incomparably less apparent.  I n  an oxygen-enriched atmos- 

phere (30% and more), c e r t a i n  changes i n  t h e  electroencephalograms of rats have 

been recorded (Caspers and S c h k z ,  1963). 

hyperoxic mixtures (from 55 to 100% 0 ) r egu la r  f l u c t u a t i o n s  w e r e  noted i n  2 
higher nervous a c t i v i t y  (Rickle and Krivoshenko, 1948; Zilov, 1953; Zhironkin, 

1956). 

been described i n  man (Upenskiy, 1870; Lehmann and Graf, 1942, and o the r s ) .  

Even i n  short-term r e s p i r a t i o n  of 

Changes i n  psychic funct ions under t h e  inf luence of oxygen have also 

Therefore, r e s p i r a t i o n  of pure oxygen o r  hyperoxic mixtures causes i n  man 

and animals s e v e r a l  s h i f t s  i n  r e s p i r a t i o n  and blood c i r c u l a t i o n .  

even i n  t h e  f i r s t  minutes of i nha la t ion .  

hemodynamic responses, and a l s o  because of the f a c t  t h a t  t h e  oxygen content i n  

These develop 

P r i n c i p a l l y  because of compensatory 
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t h e  form of oxyhemoglobin (i.e.¶ b a s i c a l l y  its carrier i n  t h e  blood) does not 

i nc rease  much, increased oxygen pressure i n  the  t i s s u e s ,  e spec ia l ly  b ra in  

t i s s u e s ,  occurs t o  much lesser degree than  i n  t h e  r e s p i r a t o r y  medium. Neverthe- 

less, r e s p i r a t i o n  of mixtures containing more than  30-50% O2 are accompanied by 
several changes i n  t h e  funct ions of t h e  central nervous system. 

L e t  us  now d i scuss  d a t a  which concern behav io r i a l  responses of animals and 
man to a hyperoxic medium. 

Hyperoxi c G a s  Pregerenccin.-&imal - s 

I n  t h e  experiments of Z.P. Kuznetsov (1958) dogs w e r e  repeatedly made t o  /40 
breathe pure oxygen; at t h e  same time t h e i r  paws w e r e  s t imulated by an e l e c t r i c  

current .  As a result of t h e s e  combinations., de l ive ry  of oxygen t o  the  respira- 

tion mask began t o  cause active withdrawal of t h e  animals' paws. This seems t o  

i n d i c a t e  t h a t  some kind of s i g n a l  entered t h e  higher  s e c t i o n s  of t h e  c e n t r a l  

nervous system. 

organism, is  very weak t o  b e  s u r e  ( t h e  described conditioned r e f l e x  took 75-80 

comb i n a t  ions t o  develop) . 
This signal, connected with t h e  hyperoxic condition of t h e  

Evidently animal behavior i n  a medium wi th  l o c a l  increased oxygen content 

has not  y e t  been s tudied.  

I n  our experiments, a hyperoxic medium (70-90% 0 ) w a s  created i n  the  d i f -  2 
f e r e n t i a t e d  zone of t h e  gas gradient  instrument. Experiments on rats showed 

t h a t  t h e  r eac t ion  t o  such a mixture w a s  not  t h e  same i n  animals of d i f f e r e n t  

age groups. 

be t h e  subject  of a s p e c i a l  discussion, w e  w i l l  support  t h e  assumption t h a t  

t h e r e  is a connection between t h e s e  r eac t ions  and age c h a r a c t e r i s t i c s  of an 
organism's oxygen regime. 

I n  Chapter V I ,  where s h i f t s  of gas preference i n  ontogenesis w i l l  

42 



Hyperoxic G a s  Preference i n  Man 

"Is it possible  t o  d i s t i n g u i s h  a i r  from oxygen i n  r e sp i r a t ion?"  - t h e  

research of Bart le t t  and Hertz (1962) w a s  published under t h i s  t i t l e .  

people ( p i l o t s )  w e r e  offered a l t e r n a t e l y  ordinary a i r  and pure oxygen t o  breathe.  

In t e r roga t ion  showed t h a t  t h e  sub jec t s  could n e i t h e r  confident ly  d i s t ingu i sh  be- 

tween these  media, nor accurately determine "which w a s  which". 

had a random d i s t r i b u t i o n .  From t h i s  f a c t  t h e  authors  drew a somewhat unexpect- 

ed conclusion: 

then medical app l i ca t ion  of oxygen ... is use l e s s  ( i f  t h e r e  is  no def ic iency of 
t h i s  gas i n  t h e  atmosphere o r  i n  t h e  unhealthy r e s p i r a t i o n  organs). 

r u l e ,  w e  can say t h a t  a l l  medicine is  use l e s s  t h a t  does not  have a p a r t i c u l a r  

taste! Nevertheless, t h e  work of Bart le t t  and Hertz is of g rea t  importance, as 

i t  is ,  evident ly ,  t h e  only published research devoted t o  man's dis t inguishing 

an hyperoxic medium, even though oxygen inha la t ion  f o r  therapeut ic  purposes 

has been widely pract iced f o r  nea r ly  two hundred years .  

Healthy 

A l l  t h e  answers 

as long as a man does not  know exact ly  what he is  breathing, 

By t h e  same 

Judging from our research (Figure 24), people r e a l l y  d i s t ingu i sh  poorly 

between oxygen and air. 

absent i n  man. 

sensat ions upon breathing a i r ,  on t h e  one hand, and almost pure oxygen (98%) 

an t h e  other .  It is t r u e  t h e s e  d i s t i n c t i o n s  d id  not  produce any s p e c i f i c  ver- 

b a l  statement. 

w a s  "harder t o  breathe", and avoided breathing t h i s  gas,  p re fe r r ing  the  a i r  

mixture. 

-0.33 ? 0.15, f o r  a 10-minute period,-0.42 ? 0.16. 

But one cannot say t h a t  t h i s  a b i l i t y  is completely 

A considerable po r t ion  of t h e  s u b j e c t s  not iced a d i f f e rence  i n  /41 

In t h e  majori ty  of cases, t h e  s u b j e c t s  indicated t h a t  oxygen 

A choice index f o r  a 5-minute period of a given r e s p i r a t i o n  w a s  

During r e s p i r a t i o n  of oxygen, v e n t i l a t i o n  dropped i n  t h e  f i r s t  1-2 minutes, 

and then w a s  e s t ab l i shed  higher than o r i g i n a l l y ,  which corresponds t o  t h e  d a t a  

presented by Dejours, Backsliger,  and others .  The experiments shown i n  Figure 

I 1  can serve as an example. 

The avoidance of oxygen can be a t t r i b u t e d ,  it seems t o  us,  t o  a passing 

response t o  hyperoxia, mostly t o  i t a  spasm a c t i o n  i n  b r a i n  vessels. The 
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Figure 11. 
subject f o r  a i r  i n  comparison with oxygen is  shown. 

Man's r e sp i r a t ion  o f  air  and pure oxygen. The d i s t i n c t  preference of t h e  
Legend the  same as i n  Figure 8. 



following f a c t  can serve as i n d i r e c t  confirmation of t h a t .  I f  carbon dioxide 

w a s  added t o  both r e s p i r a t o r y  mixtures (both t h e  und i f f e ren t i a t ed  and t h e  d i f f e r -  

en t i a t ed )  i n  equal concentrat ions (3.5%), then t h e  majori ty  of sub jec t s  d id  no t  

avoid t h e  oxygen, but preferred it ( s e l e c t i o n  index w a s  +0.29 2 0.13). It is  

known t h a t  i f  hyperoxia, as has  been emphasized, causes c o n s t r i c t i o n  of t h e  

vessels i n  t h e  brain,  then excess carbon dioxide i n  the blood l e s s e n s  t h i s  

e f f e c t  and l eads  t o  vasod i l a t ion  (Lambertsen, 1963a, 1963b). It is t rue  t h a t  

f o r  t h e  same reason p o s i t i v e  response t o  oxygen is  developed i n  people when 

breathing i n  an extended a r t i f i c i a l  stagnant area, which is  created by the  

a c t i v a t i o n  of a crimped tube between the mask and the  breather  valves.  

t hese  condi t ions 80% of t h e  s u b j e c t s  preferred t o  breathe oxygen ins t ead  of 

air. 

Under 

W e  w i l l  consider response t o  oxygen with a background of hyperoxymia sep- 

a r a t e l y .  Against such a background, e spec ia l ly  a t  c e r t a i n  a l t i t u d e s ,  a p o s i t i v e  

a t t i t u d e  is c l e a r l y  developed i n  man toward breathing oxygen (see Chapter V I ) .  

It may be i n f e r r e d  t h a t  response t o  a hyperoxic medium i n  any degree re- 
f l e c t s  the s ta te  of t h e  oxygen regime of an organism at  a given moment. A 

study of t hese  responses under normal conditions and i n  pathology can be use fu l  

i n  demonstrating response t o  inha la t ions  of hyperoxic and i n  some cases t o  

hyperoxic-hypercapnic mixtures. This i s  no t  only a quest ion of oxygen therapy 

f o r  r e sp i r a to ry ,  c i r c u l a t o r y  and o the r  d i so rde r s  which l ead  t o  general  o r  l o c a l  

oxygen def ic iency (Dembeau, 1957; Sorinson, 1960; Levine e t  a l . ,  $967; and many 

o the r s ) .  It a l s o  concerns t h e  use of an oxygen-enriched r e s p i r a t o r y  medium f o r  

heal thy people when t h e r e  is sharply increased energy expenditure, mostly i n  

strenuous muscular a c t i v i t y  (Marshak, 1961; Anisimov, 1968; and o the r s ) .  

I n  any case,  man's a b i l i t y  (even though it is weakly expressed) t o  dis-  

t i ngu i sh  oxygen from a i r  i n d i c a t e s  t h a t  physiological  s h i f t s  occurring with 

even t h e  b r i e f  i n f luence  of a hyperoxic medium have an inf luence on t h e  

organism. 

- I 4 3  
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HYPERCAPNIC MEDIE 

Although carbon dioxide is one of t h e  least s i g n i f i c a n t  components of t h e  

atmosphere, as t h e  end product of b i o l o g i c a l  oxidat ion i t  plays a s p e c i a l  r o l e  

i n  t h e  r e s p i r a t o r y  funct ion of an organism. 

N.M.Al'bitskiy(1918) s t r e s s e d  t h a t  an organism supports i n t e r n a l l y  a cer- 
t a i n  carbon dioxide content,  preventing both i ts  excess (hypercapnia) and its 
deficiency (hypocapnia). 

W e  w i l l  d i s cuss  here  t h e  responses observed i n  man and i n  animals*'in in= 

ha l ing  mixtures with moderately increased carbon dioxide content.  

Respiration of hypercapnic gas mixtures causes,  as a r u l e ,  a v e n t i l a t o r  

response, aimed a t  f lu sh ing  out t h e  excess carbon dioxide from t h e  organism. 

Under the  inf luence of carbon dioxide,  t h e  volume of r e s p i r a t i o n  per  minute in- 

creases i n  man (Miescher-Busch, 1885 ,c i t ed  by: Haldane and P r i e s t l e y ,  1935; 

Haldane and Priestdey,  1935*; Conradi and Bebshina, 1936; Sechzeret  a l . ,  1960; 

Fuleihan, et al., 1962; and many o the r s ) ,  as w e l l  as i n  animals (Haldane and 

Smith 1893, c i t e d  by: Haldane and P r i e s t l e y ,  1935; Backsliger,  1960; and many 

o the r s ) .  

Judging from published data ,  t h e  minimum concentrat ion of carbon dioxide 

needed t o  produce v e n t i l a t o r  response is 0.4 - 0.7% (Golodov, 1941; Pogrebkova, 

1965; Yu.N. Ivanov, 1966). Generally t h e  r e s p i r a t o r  is  so s e n s i t i v e  t o  t h i s  

f a c t o r  t h a t  it is very d i f f i c u l t  t o  determine h e r e  a threshold r eac t ion  (Otey 

and O t i s ,  1962); t h e , r e s u l t  evident ly  depends on t h e  accuracy of t he  method 

used. 

Vent i la t ion gradually inc reases  with increased concentration of carbon 

dioxide. Therefore, a 2% concentration of CO causes VRM t o  increase 20-40%; 
a 3% concentration causes i t  t o  inc rease  2 - 2.5 t i m e s .  Maximum v e n t i l a t o r  

response (an inc rease  of almost 10 times) is observed with a 10% concentration 

of C02 (Knowles, 1959, and o the r s ) .  

2 

*Translator 's  note: C i t e d  twice -in-the o r i g i n a l  t e x t .  
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P 

increases  e s p e c i a l l y  sharply i f  carbon dioxide pressure increases i n  

a lveo la r  a i r .  Haldane and P r i e s t l e y  showed t h a t  v e n t i l a t i o n  doubled when t h e  

a l v e l o l a r  content of CO w a s  increased by 0.23%. The VRM increase is  r e l a t e d  

t o  a lveo la r  P of a c e r t a i n  l i n e a r  dependence (Lloyd et a l . ,  1958; Otey and 

O t i s ,  1962; Dejours et al.; 1965). This makes i t  poss ib l e  t o  use an equation 

2 

c02 

(Lloyd e t  a l . ,  1958) and even t o  bu i ld  a model (Grodins et a l . ,  1954) f o r  - / 44 

c02 

p red ic t ing  r e s p i r a t i o n  responses t o  hypercapnia. 

P increases ,  VRM normally inc reases  by. 2.27 l i ters  (Lambertsen e t  a l . ,  1963). 

This value is usual ly  c a l l e d  t h e  s lope curve of v e n t i l a t o r  response t o  hypercap- 

nia .  The beginning of t h e  curve corresponds t o  a l v e o l a r  P 

(Hanks et al., 1961). Thus i n  ordinary r e s p i r a t i o n  of air  (alveolar  P about 

38 mm), v e n t i l a t i o n  is  e s s e n t i a l l y  a l ready under t h e  inf luence of hypercapnic 

s t imulat ion.  

For each 1 mm Hg t h a t  a lveo la r  

of 27-28,;” Hg 
c02 

co2 

2 
Inhalat ion of one - two r e sp i r a to ry  volumes of a mixture with 6% CO 

causes v e n t i l a t o r  response i n  only 5-10 seconds i n  both man and dogs, reaching 

a maximum i n  5 seconds (Bourverot et al.,  1961, 1963). After  t he  beginning of 

r e s p i r a t i o n  of a hypercapnic mixture, as w e l l  as a f t e r  s w i t c h h g  back again t o  

a i r  r e s p i r a t i o n ,  v e n t i l a t i o n  changes slower than t h e  ar ter ia l  pH and P , b u t  

more slowly than t h e  ind ices  of t h e  s p i n a l  f l u i d  (Lambertsen e t  a l . ,  

1961). 

ments i t  is  unreproducible i n  an accurate  q u a n t i t a t i v e  expression because of 

at tendant  r e s p i r a t i o n  deviat ions (Read e t  a l . ,  1964). Although moderate 

tachypnea can accompany v e n t i l a t o r  response t o  carbon dioxide (Salzano and 

H a l l ,  1960, et  a l ) ,  VRM inc reases  b a s i c a l l y  because of an increase i n  the  depth 

of breathing (Haldane and P r i e s t l e y ,  1935; Berkovich, 1939; Zheludkova et  a l . ,  

1964). This guarantees an e f f e c t i v e  inc rease  of a lveo la r  v e n t i l a t i o n  (Comroe 

e t  a l . ,  1956). 

c02 

But desp i t e  t h e  r e g u l a r i t y  of v e n t i l a t o r  response, i n  repeated experi- 

According t o  some data ,  carbon dioxide causes an inc rease  i n  t h e  v i t a l  

capaci ty  of t h e  lungs because of expansion of t h e  bronchi (Whittenberger, 1962; 

Samanek and Aviado, 1367). It is  t r u e ,  however, t h a t  o the r  authors (Nadel and 

Widdicombe, 1963) observed i n  man a c o n s t r i c t i o n  of t h e b r o n c h i i n  r e s p i r a t i o n  

47 



of mixtures with 2 - 8% C02.  

a b i l i t y  of t he  lungs discovered under t h e  in f luence  of a hypercapnic medium 

(Rankin e t  al . ,  1960; Hyde, et a1. , .1964).  

F ina l ly  w e  must point  ou t  t h e  increased d i f fus ion  

Therefore, w i th in  c e r t a i n  limits increasing carbon dioxide i n  inhaled a i r  

causes t o t a l l y  s u i t a b l e  r e s p i r a t o r y  responses, aimed a t  increasing t h e  e f f i c i -  

ency of a l v e o l a r  v e n t i l a t i o n  and preventing carbon dioxide r e t e n t i o n  i n  t h e  

organism. 

Increased removal of carbon dioxide is a l s o  ensured by r eac t ions  i n  blood 

c i r c u l a t i o n .  

of h e a r t  contract ions (Salzano and H a l l ,  1960; Greenfield and Ebert, 1963; 

Mithoefer and Kazemi, 1964; Zheludkova and o t h e r s ,  1964). It i s  t r u e  t h a t  sev- 

eral  observed tachycardia i n  man i n  r e s p i r a t i o n  of carbon dioxide-rich mixtures 

(Sechzer et a l . ,  1960; Albano and Indovina, 1962). I n  hypercapnia, s y s t o l i c  

volume increases  (Linde et a l . ,  1961). The volume of blood per minute is  a l s o  

A number of authors  n o t e  t h a t  hypercapnia slows down the”rhythm 

amplified (Dembeau 1957; Nakada et a l . ,  1965). Arterial pressure a l s o  in- - /45 
creases (Sechzer et a l . ,  1960; Cross and S i l v e r ,  1963; Manley et  a l . ,  1964). 

A t  t h e  same time t h e  vessels begin t o  d i l a t e  as a r e s u l t  of the l o c a l  

a c t i v i t y  of carbon dioxide i n  them (Brandgendler, 1927, et  a l ) .  It is  espec- 

i a l l y  important t o  no te  t h e  d i l a t i n g  a c t i v i t y  of hypercapnia i n  the  vessels 

of t h e  b ra in  (Dumke and Schmidt, 1943; Marshak et  a l . ,  1948; Lambertsen e t  

al . ,  1953; Sanotskaya, 1962), leading t o  an inc rease  of t h e  b r a i ~ r ~ s  blood 

stream (Hegedus and Shackelford, 1965). 

W e  must discuss  f u r t h e r  t h e  question of how much these  adapt ive responses 

of t h e  r e sp i r a to ry  and cardio-vascular system provide compensation f o r  beginning 

s h i f t s  in qpec i f i c  s ec t ions  of an organism’s gas regime under exogenous hyper- 

capnic conditions. 

Haldane and P r i e s t l e y ,  and I .M.  Sechenov be fo re  them, noted t h e  exceptional 

uniformity of t h e  a l v e o l a r  pressure of carbon dioxide: i n  r e s p i r a t i o n  of mix- 

t u r e s  with 2 - 3% content of carbon dioxide it increased very in s ign i f i can t ly .  
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The more s e n s i t i v e  is  t h e  v e n t i l a t o r  response t o  carbon dioxide,  t h e  less it  

increases  (Dejours et  a l . ,  1965). While t h e  concentration of carbon dioxide 

i n  t h e  inhaled a i r  is  much lower than i n  a lveo la r  air ,  v e n t i l a t o r  response com- 

pensates t h e  hypercapnia t o  a considerable  degree, and a lveo la r  P can some- co, 
t i m e s  

a f t e r  

g ins  9 

L 

even decrease t o  less than normal (its own form of overregulat ion) .  Only 

long exposure t o  a hypercapnic medium, when gradual reduct ion of VRM be- 

is t h i s  compensation impaired. This can cause an inc rease  i n  both a lveo la r  

and a r te r ia l  pressure of carbon dioxide (Zharov et al.,  1963; Zagryadskiy and 

Sulimo-Samuyllo , 1963). But i f  t h e  concentratton of carbon dioxide i n  t h e  medium 

begins t o  approximate t h e  a l v e o l a r  concentration (more than 3%), compensation is 

i n h i b i t e d  and a l v e o l a r  P inc reases  (Yamamoto, 1957). An e s p e c i a l l y  sharp 

jump of t h i s  c h a r a c t e r i s t i c  is  observed when t h e  carbon dioxide content i n  an 

inhaled mixture reaches 6%, i .e. ,  exceeds t h e  a lveo la r  content (Krogh, 1959). 

The a l v e o l a r - a r t e r i a l  gradient  of carbon dioxide,  n a t u r a l l y ,  is d i s t o r t e d ,  b u t  

arterial P inc reases  sharply (Pierce et al . ,  1962; Ypersele et  al . ,  1962; 

Matell, 1963; Hos te t l e r  and Manning, 1964). 
c02 

The t i s s u e  pressure of carbon dioxide is increased i n  approximately t h e  

same circumstances as a l v e o l a r  and ar ter ia l  pressure i n  r e s p i r a t i o n  of hyper- 

capnic mixtures. An i nc rease  of P i n  t h e  myocardium, t h e  b ra in  and i n  

o the r  t i s s u e s  (Sanotskaya, 1962; 1966; Van Liew,  1963; Korol'kov, 

1964, e t  a l . )  is noted. Carbon dioxide i n  arterial  blood is equalized with 

ce l l s  from the r e s p i r a t o r y  cen te r  i n  approximately 4 minutes (Anderton and 

H a r r i s ,  1963; Bradley et a l . ,  1963). 

c02 

W e  w i l l  not dwell he re  on t h e  biochemical s h i f t s  which appear i n  hyper- 

capnia,  i n  p a r t i c u l a r  t h e  gene ra l ly  known r e s p i r a t o r  ac idos i s .  - /46 

A few words about t h e  inf luence on t h e  c e n t r a l  nervous system of breathing 

carbon dioxide-enriched mixtures. 

motor a c t i v i t y  and i n h i b i t e d  responses t o  i n t e r n a l  s t i m u l i  i n  r a b b i t s  and m i c e  

i n  a 3-5% concentrat ion of carbon dioxide i n  t h e  atmosphere (Doronin, 1963; 

Zheludkova and o the r s ,  1964). 

Hypercapnia i s  revealed by a depression of 

I n  a 1 1/2-hour exposure, a C02 content of 

'4 9 



from 6 t o  7% causes t h e  most extreme i n h i b i t i o n  (Baranatskiy, 1960). Respira- 

t i o n  of a mixture with 10-20% C02 produces P sharp decrease of a c t i v i t y  on an 

electroencephalogram (Repin, 1962; Grandpierre et al., 1967). 

With a concentrat ion of only 3% CO i n  a medium, a f a i r l y  long exposure 2 
causes behavior dis turbances i n  man (Schaefer, 1961). Respirat ion of a mixture 

containing 6% CO lowers e f f i c i e n c y  (Brestkin e t  a1 1934, c i t e d  by 

Zheludkova 

and the  experiment must b e  ended (Haldane and P r i e s t l e y ,  1935). Study of a 
man's encephalogram shows t h a t  r e s p i r a t i o n  of a medium with 5% content of CO 
causes desynchronization i n  t h e  EEG of t h e  f r o n t a l  l obe  

content causes i t  i n  o the r  regions of t h e  b r a i n  (Yu. Ivanov, 1961). 

2 
et  a l ,  1964), but  i nha la t ion  of 10% C02 l e a d s  t o  a state of deafness,  

2 
s t e m ,  and 8-10% 

I n  adapt ive responses t o  hypercapnia, t h e  g r e a t e r  o r  lesser gradual inr 
crease of t h i s  f a c t o r  is  important. 

containing 5-6% CO 

and Benson, 1952), although if t h e  concentrat ion of carbon dioxide is increased 

slowly he can b rea tne  such mixtures f o r  several hours (White and Benson, 1952; 

Tenney, 1963). 

Thus a r ap id  t r a n s i t i o n  t o  a mixture 

is not  endured w e l l  by man (Aver'yanov et a l ,  1935; White 2 

Therefore, although an organism develops va r ious  adapt ive responses to 

hypercapnia, t h e s e  responses do no t  always provide s u f f i c i e n t l y  complete com- 

pensation f o r  t h e  s h i f t s  which are caused by.breathing mixtures containing an 

excess of carbon dioxide. 

Not long ago it  w a s  shown t h a t  i n  breathing carbon dioxide-enriched mix- 
t u r e s  (exogenous hypercapnia) as w e l l  as i n  muscular work (endogenous hyper- 

capnia) s i m i l a r  r e l a t i o n s  w e r e  observed between pulmonary v e n t i l a t i o n  and t h e  

pressure of carbon dioxide i n  combined venous blood. For each 1 mm Hg.that 

i nc reases ,  VRM i nc reases  2.8 l i ters  (Riley et  al . ,  1963). 

A t  t h e  same t i m e ,  t h e  level of 

r e l a t i o n  with ar ter ia l  P . It is 

t i o n  depends on t h e i n t e n s i t y o f  t h e  
c02 

v e n t i l a t i o n  does not  have such an immediate 

a l s o  understood t h a t  r egu la t ion  of respira-  

exchange, and, consequently, on t h e  quan t i ty  
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of carbon dioxide produced i n  t h e  organism. 

by t h e  magnitude of combined venous P 

accordance with t h e  level of endogenously produced carbon dioxide,  i.e., with 

t h e  metabolism level i n  t h e  t i s s u e s .  

This is p rec i se ly  what is  r e f l e c t e d  

. Thus, r e s p i r a t i o n  is regulated i n  
c02 

- I 4 7  

When p a r t i a l  p re s su re  of carbon dioxide is increased i n  inhaled air ,  t h e  

same mechanisms are evident ly  a c t i v a t e d  as i n  endogenous hypercapnia. While 

t h e  concentration of carbon dioxide i n  t h e  atmosphere i s  s t i l l  so s m a l l  t h a t  

it can be disregarded, adapt ive responses seem p e r f e c t l y  adequate. But when 

t h e  content 

t h e  a lveo la r  content,  t h e  inc rease  of a lveo la r  v e n t i l a t i o n  progressively l a g s  

behind what i s  necessary,  computed on t h e  b a s i s  of t h e  equations of I .M.  Sech- 

enova (Brestkin,  1952). I f  the P i n  t h e  medium is equal t o  a lveo la r  P , 
no hypervent i la t ion can any longer  prevent t he  growth of a l v e o l a r  P 

when t h e  content of carbon dioxide i n  t h e  inhaled mixture becomes considerably 

g r e a t e r  than i n  t h e  a l v e o l i ,  then increased v e n t i l a t i o n  (which s t i l l  continues 

t o  i n t e n s i f y  within a c e r t a i n  range) progressively inc reases  t h e  hypercapnia. 

Then- t h e r e  are dis turbances i n  t h e  funct ion of a number of t h e  organism's 

systems, including t h e  brain.  

of carbon dioxide i n  t h e  r e sp i r a to ry  mixture becomes equal t o  *' 

c02 c02 . But 
c02 

In t h i s  r e spec t  t h e  short- l ived e f f e c t  of a hypercapnic medium can b e  sep- 

a r a t e d  i n t o  t h r e e  gradat ions according t o  t h e  content of carbon dioxide i n  in- 

haled gas mixtures: 

(1) adequate (although not  absolutely complete) compensation 

( t o  3% co2); 

(2) inadequate compensation (3 - 5.5% COP); 

(3) uncompensated hypercapnia (over 5.5% eo2). 

W e  w i l l  proceed t o  t h e  quest ion of t h e  d i s t i n c t i o n  of hypercapnic mixtures 

by man and animals. 
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Figure 1 2 .  Hypercapnic gas preference 
of ra t s  and mice. 
20 - 30 animals. Horizontal ly  - percent 
of carbon dioxide i n  t h e  d i f f e r e n t i a t e d  
zone. The rest of t h e  legend is t h e  
same as i n  Figure 5. 

Average da ta  from 

So/aCO, 

Figure 13. Kymogram of t h e  movement of 
a rat i n  a hypercapnic grad ien t  (from 0 
t o  5% C02). D i s t inc t  preference of t h e  

animal f o r  air i n  comparison with t h e  
hypercapnic medium. Below 7 t i m e  ( i n  
min) . 

Hypercapnic G a s  Preference i n  Animals 

Sommers (1963) has  s tud ied  be- 

haviora l  responses of animals t o  

hypercapnic media. A rat w a s  placed 

i n  a s m a l l  chamber. 

containing from 8 t o  15% CO w a s  

blown through t h e  chamber. When t h e  

a n i m a l  pushed a s p e c i a l  p l a t e ,  t h e  

hypercapnic mixture w a s  shut  o f f .  I n  

t h i s  way a motor act of avoiding 

t h e  carbon dioxide w a s  developed. 

Sommers th inks  t h a t  t h e  threshold of 

t h i s  response l i e s  somewhat below 

8% C02. 

e r  i n  proport ion t o  the increased 

concentrat ion of carbon dioxide i n  

t h e  mixtures of fe red .  

A gas mixture 

2 

The response becomes strong- 

W e  s tud ied  thd  gas preference 

of rats and m i c e  t o  hypercapnic 

media (Figure 12) .  A d e f i n i t e  re- 

sponse w a s  no t  observed with s m a l l  

concentrat ions of carbon dioxide 

(1%); some of t h e  animals even pre- 

f e r r e d  a weakly hypercapnic medium 

t o  t h e  a i r  medium. 

animals began t o  avoid t h e  d i f f e r -  

e n t i a t e d  zone of t h e  gas gradient  

instrument when t h e  concentrat ion 

of carbon dioxide reached 3-4% there .  

The experimental 

Af te r  severa l  approaches t o  t h e  hypercapnic end of t h e  chamber, t h e  animal 

usual ly  chose t h e  a i r  zone (Figure 13) .  

i n t e n s i t y  under t h e  h f l u e n c e  of 10-12% C02. 

- /4 8 
This response appeared with m a x i m u m  
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I n  t h i s  way, t h e  threshold of negat ive response t o  an hypercapnic medium 

in animals corresponds roughly t o  those concentrations of carbon dioxide which 

i n i t i a t e  t h e  under-compensated hypercapnic s h i f t s  in an organism. 

Hypercapnic G a s  Preference i n  Man 

As far back as 1936, G.P. Konrady and .Z.V. Bebeshina demonstrated condi- 

t ioned-reflex hypervent i la t ion i n  man under t h e  inf luence of und i f f e ren t i a t ed  

s t iumul i  which had been associated several t i m e s  with breathing an admixture 

of carbon dioxide. 

people w e r e  subjected t o  hypercapnia - acu te  ( inha la t ion  of mixtures d i t h  

carbon dioxide) o r  chronic (gradual accumulation of carbon dioxide i n  t h e  air). 

Conditioned changes of r e s p i r a t i o n  could a l s o  be noted when 

However, t h e  a b i l i t y  of man t o  consciously d i s t ingu i sh  an admixture of 

carbon dioxide i n  inhaled a i r  has  had very l i t t l e  s p e c i a l  study. On t h a t  count, 

only i n c i d e n t a l  observations are c i t e d  i n  t h e  l i t e r a t u r e .  

Schmidt (1956) has  shown t h a t  the f i r s t  unpleasant sensat ions i n  man dev- 

eloped only when the  carbon dioxide content i n  a r e s p i r a t o r y  mixture reached 

6% o r  even more. Cut ler  e t  a1 (1964) exposed people i n  an a l t l t u d e  chamber. 

During t h e  f i r s t  four  days t h e  gas medium w a s  almost f r e e  from any admixture 

of carbon dioxide. Then a 3% admixture of t h a t  gas w a s  added t o  i t .  The hy- 

percapnic medium w a s  maintained i n  t h e  chamber f o r  t he  next four  days. Although 

t h e  s u b j e c t s  did not know exact ly  when t h e  carbon dioxide w a s  a d d d  t o  t h e  at-  

mosphere of t h e  chamber, they agreed with one another i n  noting changes of t he  

medium. However, they made mistakes about t h e  time. The predominant reference 

point f o r  t h e  people i n  t h e  experiment w a s  hypervent i la t ion,  sometimes headache. 

They noted these  symptoms more f r equen t ly  on t h e  2-3rd day of exposure. 

la t ter  sensat ion w a s  lessened by increased v e n t i l a t i o n ;  some people experienced 

i t  in t e rmi t t en t ly .  This sensat ion disappeared i f  t h e  person's a t t e n t i o n  w a s  

d i s t r a c t e d .  Therefore, many of t h e  s u b j e c t s  assumed t h a t  t h e  carbon dioxide 

w a s  given in t e rmi t t en t ly .  

t o  determine such q u a n t i t i e s  of carbon dioxide i n  t h e  atmosphere is unrel iable .  

The 

The authors  came t o  t h e  conclusion t h a t  man's a b i l i t y  

- I49 
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Figure 14. Hypercapnic gas 
preference of man. Average 
da ta  from 24 sub jec t s .  

Horizontally - percent of 
carbon dioxide i n  t h e  
d i f f e r e n t i a t e d  mixture. 
The rest of t h e  legend 
is  t h e  same as i n  
Figure 7. 

In our experiments, (Breslav and Sal- 

a ts inskaya,  1967a) w e  determined t h e  gas 

preference of man with r e spec t  t o  hypercap- 

n i c  mixtures (from 1 t o  6% C02> with normal 

oxygen content.  

I n  a five-minute period of a given 

r e s p i r a t i o n  (Figure 14) a man did not dis-  

t i ngu i sh  mixtures with 1-2% C02 from a i r ,  

although increased v e n t i l a t i o n  w a s  a l ready 

noted. When t h e  admixture of carbon diox- 

i d e  i n  t h e  d i f f e r e n t i a t e d  mixtures reached 

3-4% o r  more, t h e  s u b j e c t s  displayed a 

negat ive response, mostly c i t i n g  labored 

o r  strenuous breathing. Similar  sensation8 

could appear beginning with the  end of t h e  

f i r s t  o r  w i th  t h e  second minute of i nha l ing  

t h e  mixture. 

One of t h e  groups of sub jec t s  w a s  exposed t o  hypercapnic media, n o t  only 

W e  s h a l l  d i scuss  how under 

changed when inha l ing  t h e  two mixtures: 

/50 
f o r  f i v e  minutes, but  a l s o  f o r  10 and 15 minutes. 

t hese  conditions t h e  man's r eac t ions  

threshold with respect  t o  d i s t i n c t i o n  (3% CO ), and c l e a r l y  above threshold 

(5% C02) (Figure 15). 
2 

The mixture containing 3% C02 caused an inc rease  of pulmonary v e n t i l a t i o n ,  

which continued u n t i l  t h e  10 th  minute. The s h i f t  of a lveo la r  P appeared t o  

be approximately t h e  same i n  t h e  5-minute as w e l l  as t h e  10- and 15-minute in- 

ha la t ions .  A t  t h e  same time a negat ive a t t i t u d e  of t h e  s u b j e c t s  t o  t h e  3% ad- 

mixture of C02  w a s  only r e l i a b l y  revealed w i t h t h e l o -  and 15-minute period of 

a given r e sp i r a t ion .  

c02 

I n  inha la t ion  of mixtures with 5% concentrat ion of carbon dioxide, s h i f t s  

of t hese  i n d i c a t o r s  w e r e  expressed much more s t rongly.  I n  p a r t i c u l a r ,  t h e  
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content of carbon dioxide i n  the  a l v e o l i  

increased considerably. Avoidance of t h e  

hypercapnic medium w a s  observed he re  even 

i n  t h e  5-minute period of a given r e sp i r a -  

t i o n  (Figure 16).  I n  experiments with 

more prolonged inha la t ion  of t h i s  mixture, 

i t  w a s  r e j e c t e d  i n  a l l  cases. 

30- 
20 
yo 

Here, as a l s o  i n  responses t o  hypoxic 

media, t h e  s ign i f i cance  of t h e  t i m e  f a c t o r  

w a s  displayed. 

ha l ing  a 3% admixture of carbon dioxide 

w a s  necessary f o r  a s i g n i f i c a n t  negat ive 

choice t o  be displayed. But a 5-minute 

inha la t ion  w a s  s u f f i c i e n t  f o r  a c l e a r  res- 

ponse t o  5% C02 .  Such an inc rease  i n  t h e  /51 
a b i l i t y  t o  d i s t ingu i sh  excess carbon di-  

oxide during extended exposure can be ex- 

plained by an i n t e n s i f i c a t i o n  of hyper- 

capnic s h i f t s  i n  t h e  org'anism. Actually,  

on inha la t ion  of carbon dioxide mixtures,  

a l v e o l a r  P remained a t  a constant  level 

t o  the  5th minute, but v e n t i l a t i o n  i n  

longer r e s p i r a t i o n  of t h e  mixtures con- 

t inued t o  inc rease  somewhat. This indi-  

c a t e s  subsequent i n t e n s i f i c a t i o n  of 

hypercapnic s t i m u l a t i o n .  

A 10-minute period of in- 

c02 

-0.70- 
- -0.80 - 
- -0.90 - 

Hyperventilation, o r  more accu ra t e ly ,  t h e  expenditure of energy connected 

with it i n  t h e  e x t r a  work of t h e  r e s p i r a t o r y  muscles, can a l s o  be one of t h e  

f a c t o r s  i n  an organism's negat ive response t o  excess carbon dioxide. 

b e  discussed i n  more d e t a i l . i n  Chapter IV. 
This w i l l  

I n  fact, t h e  choice index of hyper- 

capnic mixtures i n  our experiments w a s  c o r r e l a t e d  t o  approximately t h e  same - /53 

degree both with t h e  a lveo la r  tension of carbon dioxide (which t o  a certain 
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Figure 16. Man's r e sp i r a t ion  of a i r  and a hypercapnic mixture. 

A - spirogram; t h e  legend is  the  same a s  i n  Figure 8; 
B - capnogram: t h e  peaks r e f l e c t  a lveolar  carbon dioxide content;  
time - 1 minute. Read from r i g h t  t o  l e f t .  



extent  r e f l e c t s  a r te r ia l  P co ), and with t h e  inc rease  of volume of r e s p i r a t i o n  

per  minute i n  inha la t ion  of ghese mixtures (corresponding c o r r e l a t i o n  coeff ic- 
i e n t s  were -0.93 k 0.18 and -0.95 k 0.16). 

Therefore, man (an probably animals, too) d i s t ingu i sh  an  admixture of 

carbon dioxide i n  a medium when compensation f o r  increased p a r t i a l  pressure is 
disturbed o r  accompanied by s i g n i f i c a n t  hypervent i la t ion.  

HYPOXIC ~~ MEDIUM WITH INCREASED CARBON DIOXIDE CONTENT 

The relative inf luence of t h e  e f f e c t s  of i n s u f f i c i e n t  oxygen, on t h e  one 

hand, and excessive carbon dioxide on t h e  o the r ,  has an except ional ly  complex 

character .  Its a n a l y s i s  is  important both t h e o r e t i c a l l y  and p r a c t i c a l l y .  

The hypoxic-hypercapnic i n t e r a c t i o n  is  extremely important i n  r egu la t ing  

r e s p i r a t i o n .  Exactly such an i n t e r a c t i o n  takes  place i n  muscular a c t i v i t y .  

Therefore, the combined in f luence  of i n s u f f i c i e n t  oxygen and excess carbon di-  

oxide must be a more adequate st imulus f o r  t h e  organism than each of t hese  

f a c t o r s  separately.  

I n  the  t h i r t i e s ,  it w a s  noted t h a t  i f  increased carbon dioxide content in  

an inhaled gas mixture acted on the  background of decreased p a r t i a l  p re s su re  

of oxygen, then the  t o t a l  v e n t i l a t o r  response is espec ia l ly  s i g n f i c a n t  (Hender- 

son and Randolf, 1932, c i t e d  By: Cordier and Heymans, 1935; Haldane and 

P r i e s t l e y ,  1935, e t  a l ) .  

Much considerat ion has r ecen t ly  been given t o  t h i s  phenomenon i n  the  phys- 

iology of r e sp i r a t ion .  It has  been e s t ab l i shed  t h a t  hypoxia lowers t h e  thresh- 

o l d  of v e n t i l a t o r  response t o  carbon dioxide (Sa i to  e t  a l ,  1960; Honda e t  al . ,  

1963; Tenney, 1963; Wiemer, et a l ,  1963; Archibald, 1964, Salzano and H a l l ,  

1965; Malmejac, et al . ,  1966; Honda, 1968), and a l s o  increases  VRM i n  inhala- 

t i o n  of a hypercapnic mixture (Bourverot e t  al., 1963, 1965; Michel and 

Milledge, 1963; Cunningham, et al.,  1964), and accelerates t h e  onset  of t h i s  
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response (Mallie-Colard, et al . ,  1965; Bernards, e t  al.,  1966). 

of VRM/arterial Pco increases .  

hypoxia combined wi th  hypercapnia exceeds t h e  arithmetical sum of t h e  e f f e c t s  

of t hese  two f a c t o r s  a c t i n g  sepa ra t e ly  (Nielsen and Smith, 1951; Cormack, e t  

al . ,  1957; Lloyd, et a l . ,  1958; Lambertsen, et  al . ,  1963, and o the r s ) .  

o the r  hand, hypoxic responses appear more c l e a r l y  on a background of hypercap- 

n i a  (Petrov, 1949; Strumza, 1966, et a l ) .  I n  add i t ion ,  a s p e c i f i c  level of 
carbon dioxide i n  t h e  i n t e r n a l  medium seems a necessary condi t ion f o r  t h e  

organism i n  general  t o  react t o  hypoxic s t imu l i .  

i n su f f i c i ency  of oxygen i n  inhaled air  i n  man only i f  P 

30 mm Hg is maintained i n  t h e  blood (Nielsen and Smith, 1951). 

The s lope  curve 

As a r e s u l t ,  t h e  t o t a l  v e n t i l a t o r  response t o  
2 

On t h e  /54 

Thus, VRM i n c r e a s e s w i t h  an 
of not less than 

c02 

L e t  us add t h a t  under hypoxic condi t ions hypercapnic a c t i o n  is  favorably 

expressed because of t h e  l o c a l  ves se l -d i l a t ing  e f f e c t  of carbonic a c i d  which 

improves t h e  blood supply of v i t a l  organs - t h e  b r a i n  and myocardium (Sanot- 

skaya, 1962, et  a l l .  

In v i e w  of what has been s a i d ,  w e  can consider v a l i d  t h e  suggestion t o  

reduce t h e  oxygen content i n  inhabi ted dwellings where carbon'*,dioxide accumu- 

l a t i o n  i s  possible:  . s l i g h t  hypoxia should promote a s t rong  response t o  hyper- 

capnia and f a c i l i t a t e  t h e  removal of carbon dioxide (Pucc ine l l i  et  a l ,  1964; 

Strumza, 1964). The favorable  inf luence of carbon dioxide i n  hypoxia is a l s o  

of p r a c t i c a l  importance. 

of hypocapnia, developing from hypervent i la t ion (Shick, 140; Asmussen, 1965, 

et a l . ) .  

This c o n s i s t s  of preventing t h e  harmful a f t e r e f f e c t s  

Excess carbon dioxide is a l s o  p o s i t i v e l y  expressed i n  t h e  blood supply 

and oxygen regime of such vi ta l  organs as t h e  h e a r t  muscle and b r a i n  (Sanot- 

skaya, 1962a, 1962b; Kovalenko, 1964; W i l j e l m ,  1966). 

Here, however, w e  must t ake  t h e  following facts i n t o  account: 

(1) It is poss ib l e  f o r  exceedingly a c u t e  anoxia ( r e s p i r a t i o n  of mixture 
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with 8% O,), i n s t ead  of i n t ens i fy ing ,  t o  depress responses t o  

carbon dioxide (Purves, 1966). Inha la t ion  of very high (more 

than 6%) concentrat ions can l ead  t o  weakening o r  even l o s s  of 

response t o  hypoxia (Wiemer, et a l . ,  1963). Actually,  t h e s e  

phenomena are connected with depression of t h e  nerve cen te r s  

i n  extreme hypoxia o r  hypercapnia (Balakhovskiy, 1952; Yu. N. 
Ivanov, 1961; Dolina, 1965, e t  al.).  

(2) Increased a l v e o l a r  pressure of oxygen, t h e  r e s u l t  of s t rong  

v e n t i l a t o r  response with combined hypoxia and hypercapnia, does 

not much inc rease  t h e  oxygen supply t o  the  t i s s u e s ,  if w e  t a k e  

i n t o  account t h e  inc rease  of energy expenditure i n  r e s p i r a t i o n  

and t h e  inf luence of t h e  Bohr e f f e c t  on t h e  d i s s o c i a t i o n  curve 

of oxyhemoglobin (Strumza, 1966). 

It appears t o  us t h a t  comparative a n a l y s i s  of t h e  active choice responses 

t o  corresponding mi'xtures by animals and man could help i n  t h e  physiological  

evaluat ion of one o r  another combination of oxygen def ic iency and excess car- 

bon dioxide i n  a r e s p i r a t o r y  medium. 

Hypoxic-Hyp-ercapnic G a s  Preference i n  Animals 

W e  conducted experiments on ra t s  t o  study behavioral  responses t o  a medium 

where t h e  oxygen content w a s  lowered and t h e  carbon dioxide c o n c d t r a t i o n  w a s  

increased a t  t h e  same t i m e .  A n  ordinary a i r  atmosphere w a s  maintained i n  t h e  

und i f f e ren t i a t ed  zone of t h e  gas gradient  instrument. I n  the  d i f f e r e n t i a t e d  

zone, t h e  medium had the  following composition: 12% 02, 3% C02, 85% N2. 

It has been shown above t h a t  both f a c t o r s  operat ing he re  ( t h e  lowering 

of t h e  content of O2 t o  12% and t h e  3% admixture of C02),  taken sepa ra t e ly  

are over-threshold f a c t o r s  i n  r e l a t i o n  t o  t h e  gas preference of ra t s  and do not  

g ive  a s t a t i s t i c a l l y  s i g n i f i c a n t  choice. 

f a c t o r s  caused a d i s t i n c t  avoidance response. 

c l e a r l y  exceeds t h e  arithmetical sum of responses t o  the s a m e  degree of hypoxia 

But t h e  combination of t hese  s a m e  

The i n t e n s i t y  of t h i s  response 

- /55 
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Figure 17. Hypoxic-hypercapnic 
gas preference in  rats. Average 
da ta  from 20 animals. 

and hypercapnia, a c t i n g  sepa ra t e ly  (Figure 

17, 5-7). Such a mutually-intensifying ef- 

f e c t  of l o c a l  oxygen def ic iency and excess 

carbon dioxide corresponds t o  t h e  analogous 

a c t i v i t y  of a given combination i n  a respira-  

t o ry  response. 

I n  another series of experiments, a more 

s t r i n g e n t  d i f f e r e n t i a t e d  medium w a s  created: 

6% C02 and only 2% 02. 

creasing t h e  e f f e c t ,  t h e  opposi te  r e s u l t  w a s  

obtained. Having entered such an atmosphere, 

But i n s t ead  of in- 

Ver t i ca l ly  - choice index f o r  
t he  d i f f e r e n t i a t e d  zone (S+) ;  

t h e  animals as a r u l e  did no t  display any ex- 
L pressed motor response and died from t h e  ef-  Horizontally - composition of 

the  medium i n  t h e  d i f f e r e n t i -  
a ted zone: 1 - 7% 02; 2 - 
7% O2 i n  a background of 3% 

i n  a background of 11.5% 02; 

5 - 3% C02; 6 - 12% 02; 7 - 

f e c t s  of acu te  oxygen s t a r v a t i o n  (cramps, 

stoppage of breathing) .  

b ina t ion  of pronounced anoxia and s i g n i f i -  

cant hypercapnia causes extreme repression 

of t h e  funct ions of t h e  c e n t r a l  nervous sys- 

t e m ,  and behavior response seemed t o  b e  

paralyzed. 

Evidently t h e  com- 

co2; 3 - 9% co2; 4 - 9% co2 

12% o2 + 3% co2 

, 

Experiments w e r e  a l s o  conducted where a moderately hypercapnic mixture 
<\ 

(3% CO ) w a s  maintained along t h e  whole length of t h e  gas gradient  instrument. 

The oxygen content i n  t h e  und i f f e ren t i a t ed  zone w a s  normal (21%), b u t  i n  t h e  

d i f f e r e n t i a t e d  zone i t  w a s  decreased t o  7%. As seen i n  Figure 17, 1 ,2 ,  t h e  

rats '  negat ive response t o  t h e  hypoxic medium w a s  no t  dis t inguished,  under 

these  circumstances, from response t o  t h e  very same medium when an admixture 

of carbon dioxide is lacking-. 

/56 2 

A n  analogous r e s u l t  w a s  obtained when t h e  background had a lowered ( t o  

11.5%) oxygen content,  and an increased (9%) carbon dioxide concentration w a s  

created (Figure 17, 3 , 4 ) .  
n i c  medium was t h e  same as with normal oxygen content.  

Here t h e  animals' negat ive preference t o  a hypercap- 
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Actually t h e  organismadjusts  successfu l ly  t o  an ins ign i f i can t  oxygen de- 

f i c i ency  as w e l l  as t o  a s m a l l  excess of carbon dioxide. Therefore,  such a 
moderate s h i f t  i n  gas composition, i f  i t  is maintained t h e  whole length  of t h e  

gas  gradient  instrument, does not  change t h e  behavior responses of animals t o  

l o c a l  extremely hyperoxic o r  extremely hypercapnic media. 

Hypoxic-Hypercapnic- . . . - . . - - - G a s  Preference i n  Man 

A s  with animal experiments, the bas i c  variant of t h e  experiments with 

people w a s  a comparison of ordinary a i r  and a r e sp i r a to ry  mixture containing 

12% O2 o r  3% C02 (Figure 18). 

Vent i la tor  response t o  such a mixture,  as must be  expected, exceeded t h e  

a r i t hme t i ca l  sum of t h e  sepa ra t e  e f f e c t s  of corresponding degrees of hypoxia 

and hypercapnia. Comparatively s m a l l  s h i f t s  i n  t h e  oxygenation of t h e  blood 

and the  a lveolar  pressure  of carbon dioxide ind ica t e  good compensation f o r  

oxygen deficiency and excess carbon dioxide i n  a r e sp i r a to ry  medium. Moreover, 

t h e  sub jec t s  i n  only 5-minute exposures c l e a r l y  avoided breathing a given m i x -  

t u r e  (choice index -0.37 * o . lo ) ,  wi th a d i s t inc tness  t h a t  w a s  no t  observed when 

s i m i l a r  hypoxic (12% 0 ) and hypercapnic (3% C02 i n  air) media w e r e  appl ied 

separa te ly .  The negat ive response w a s  s t i l l  clearer i n  10- and 15-minute per- 

iods  of a given r e s p i r a t i o n  (corresponding choice indexes w e r e  -0.66 k 0.14 t o  

-0.70 ? 0.13), although physiological  parameters remained almost t h e  same. 

2 

To determine response t o  hypercapnia i n  a moderately hypoxic background 

i n  experiments with people, w e  used as  an undi f fe ren t ia ted  medium a mixture of 

12% 0 with ni t rogen.  A s  t h e  d i f f e r e n t i a t e d  medium w e  used mixtures wi th  t h e  

s a m e  oxygen concentrat ion containing a varying percentage of carbon dioxide.  
2 

A s  Figure 19 shows, v e n t i l a t o r  response t o  an admixture of carbon dioxide 

on a background of i n s u f f i c i e n t  oxygen does not  e s s e n t i a l l y  d i f f e r  from t h a t  

described above with a normal oxygen content.  Avoidance response w a s  a l ready 

clear wi th  2.5% C02, i.e., t h e  threshold  f o r  d i s t inguish ing  a hypercapnic med- 

i u m  under hypoxic condi t ions decreased i n  comparison with condi t ions of normal 
/58 
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Figure 18. Man's r e sp i r a t ion  o f  air  and hypoxic-hypercapnic mixture. 
ven t i l a t ion .  

Crit ical  hyper- 
The legend i s  t h e  same a s  i n  Figure 8. 
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Figure 19. Hypercapnic gas 
preference of man on. a back- 
ground of a lowered 
oxygen content (12%). Aver- 
age data  from 1 2  sub jec t s .  

Horizontally - percent of 
carbon dioxide i n  t h e  d i f -  
f e r e n t i a t e d  medium. The 
rest of t h e  legend i s  t h e  
same as i n  Figure 7. 
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oxygen content (where t h i s  threshold,  le t  

us remember, w a s  3-4% C 0 2 ) .  

s e n s i t i v i t y  t o  carbon dioxide i n  an hypoxic 

background probably can b e  explained by t h e  

somewhat higher  VRM level during inha la t ion  

of t hese  mixtures. 

The increased 

Research of t h e  opposi te  cha rac t e r  has 

a l s o  been conducted: t h e  inf luence of s m a l l  

admixtures of carbon dioxide on hyp,oxic re- 
sponses has been s tudied.  The s u b j e c t s  w e r e  

o f f e red  two mixtures containing 3.5% C02.  

The und i f f e ren t i a t ed  mixture had a normal 

concentration of oxygen; t h e  d i f f e r e n t i a t e d  

one had a lowered concentrat ion (Figure 20). 

It i s  c l e a r  t h a t  owing t o  t h e  hyper- 

capnic background, r e sp i r a to ry  volume and 

v e n t i l a t i o n  w e r e  a l ready elevated. The 

inha l ing  mixtures with 12 and 9% 02, t h e  

volume of r e s p i r a t i o n  per minute and a l s o  

t h e  frequency of h e a r t  con t r ac t ions  increased much less than under t h e  in f lu -  

ence of t hese  same mixtures without t h e  add i t ion  of carbon dioxide. The re- 

duction of oxygenation of t he  blood w a s  a l s o  much less. 

Under these condi t ions t h e  s u b j e c t s  did no t  d i s t i ngu i sh  a mixture contain- /59 
ing 12% 0 from t h e  und i f f e ren t i a t ed  mixture. A negat ive response w a s  exhibi ted 

only f o r  a mixture with 9 %  02. 
2 

The diminished inf luence of carbon dioxide on t h e  negat ive response of 

man inhal ing hypoxic mixtures can be explained by t h e  improved oxygenation of 

t h e  blood under t h e  in f luence  of hypercapnic hypervent i la t ion which is recog- 

nized q u i t e  c l ea r ly .  
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The following circumstances could a l s o  

take place.  The und i f f e ren t i a t ed  mixture, con* 

t a i n i n g  exact ly  t h e  same admixture of carbon 

dioxide as t h e  d i f f e r e n t i a t e d  one, already 

caused an inc rease  of v e n t i l a t i o n .  

t o  t h e  d i f f e r e n t i a t e d  medium (with a lowered 

oxygen content)  w a s  not  accompanied by any 

kind of s i g n i f i c a n t  i nc rease  i n  r e sp i r a to ry  

a c t i v i t y .  

l a r g e  r o l e  i n  t h e  d i s t i n c t i o n  of gas mixtures 

by the  sub jec t s .  It may a l s o  be important 

Switching 

This f a c t o r  could no t  play a very 

u t h a t  an admixture of carbon dioxide keeps it "1 -0.9i- , 
21 12 9 0 -LO 

from being excessively washed out  of t h e  

organism ( t h e  removal being caused by the  

increased v e n t i l a t i o n  of hypoxia). 

Figure 20. Hypoxic gas pref- 
erence of man i n  a 
medium with added carbon di- 
oxide (3.5%). Average d a t a  
from 1 2  subjects .  The legend 
is  t h e  same as i n  Figure 7. Wayne (1958) i n  a l t i t u d e  chamber experi- 

ments pointed out  t h e  s i m i l a r i t y  between the  

sub jec t s '  verbal  r e p o r t s  about t h e i r  sensat ions a t  an "a l t i t ude"  of 7500 meters 

and indicat ions by t h e  very same people after a r b i t r a r y  hypervent i la t ion under 

ground conditions.  The author explained t h i s  by t h e  f a c t  t h a t  oxygen s tarva-  

t i o n  w a s  a l s o  accompanied by hypervent i la t ion.  

can se r ious ly  hinder a p i l o t ' s  recogni t ion of h i s  own hypoxic condition during 

/60 

As he reasoned, t h i s  s i m i l a r i t y  

a f l i g h t .  

It must be assumed t h a t  a t  least  p a r t  of t h e  sensat ions which man uses t o  

d i s t ingu i sh  mixtures with lowered oxygen content are due t o  t h e i r  hypocapnic 

o r ig in .  And i f  t h i s  i s  so, then such a d i s t i n c t i o n  must a c t u a l l y  be weakened 

when the re  i s  a background with a carbon dioxide admixture. 

A t  t he  same t i m e  i t  must be s t r e s s e d  t h a t  depressed a c t i v i t y  i n  c r i t i c a l  

degrees of oxygen deficiency and excess carbon dioxide can lead t o  lowering 

and even complete l o s s  of an organism's a b i l i t y  t o  respond adequately t o  these  

f ac to r s .  This has been shown i n  animal experiment@. 
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Summing up t h e  experimental d a t a  discussed here,  w e  must assume t h a t  dis-  

t i n c t i o n  by animals and man of gas mixtures with a l t e r e d  oxygen and carbon di-  

oxide content ( i n  the  form of negat ive choice response) within known limits 

r e f l e c t s  both t h e  s h i f t s  i n  an organism's gas regime which occur under t h e  in- 

f luence of these mixtures,  and t h e  e f f o r t  expended i n  the  mechanisms which 

compensate f o r  t hese  s h i f t s .  
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Chapter I11 

RESPONSES OF THE ORGANISM TO GAS MEDIA CONTAINING HELIUM 

Up u n t i l  now, w e  have been concerned with oxygen and carbon dioxide as 

agents  pa r t i c ipa t ing  i n  gashous &change; sometimes they are ca l l ed  "rqepira- 

to ry  gases". 

ponent of a r e sp i r a to ry  medium? 

- / 61 

But how does an organism perceive a phys io logica l ly  n e u t r a l  com- 

I n  t h i s  connection it  seemed e s s e n t i a l  t o  us t o  explore  t h e  poss ib le  phys- 

i c a l  e f f e c t  of s u b s t i t u t i n g  another gas -helium, f o r  t h e  n a t u r a l  d i luen t  of 

oxygen - atmospheric ni t rogen.  

Although helium is found i n  t r a c e  amounts i n  t h e  Ear th ' s  atmosphere 

(O.O0053%),physiologistshave become much more i n t e r e s t e d  i n  this i n e r t  gas in 

t h e  l a s t  ten  years.  H e l i u m  has  a number of remarkable proper t ies .  For many 

reasons,  i t  has been s u i t a b l e  t o  introduce helium as an oxygen d i luen t  f o r  

divers .  In  p a r t i c u l a r  helium is almost seven t i m e s  less dense than n i t rogen  

(0.00018 g/cm ). 

s iderably  reduces t h e  energy expenditure which is  connected with overcoming 

t h e  increased r e s i s t ance  of t h e  r e sp i r a to ry  medium (Behnke and Yarbrough, 

1939; Orbely, e t  a l . ,  1940; Marchall, et al . ,  1956; Lanphier, 1958; Kumanichkin, 

1960; Zal'tsman, 1961; Wood and Leve, 1963; Albano and C iu l l a ,  1966; Brousseles, 

et a l ;  1966). 

3 With t h e  increased pressure  i n  deepwater descenss t h i s  con- 

For t h i s  same reason, a t tempts  have been made (and are being made) t o  use 

helium mixtures i n  c l i n i c s  t o  al leviate r e s p i r a t i o n  in people wi th  obs t ruc t ive  

d iseases  of t h e  r e sp i r a to ry  organs (Barach, 1934, 1936; Green and Day, 1954; 

S c h i l l e r ,  et  al., 1955; Comroe, et a l . ,  1956; Dembeau, 1957, and o thers ) .  



Recently the re  have been l i v e l y  debates  on t h e  ques t ion  of  t h e  a d v i s a b i l i t y  of  

using helium i n  t h e  composition of an a r t i f i c i a l  atmosphere f o r  space f l i g h t s  

(Dianov and Kuznetsov, 1963; Epperson, et a l . ,  1965, et a l ) .  Besides l i gh tness ,  

t h e  high thermal conduct ivi ty  of t h i s  gas (at  2OoC helium conducts 

43  10 kcal/m-hr*g, and n i t rogen  only 15 10 kcal/m*hr*g) w a s  considered, 

which could improve a cosmonaut's hea t  txansfer  i f  t h e r e  were no convection 

def ic iency  i n  t h e  cabin of a spaceship under weight less  condi t ions.  

ments w e r e  a l s o  put forward i n  favor  of  c r ea t ing  a helio-oxygen atmosphere i n  
manned space vehic les .  

4 4 

Other argu- /62 

From t h i s  t h e  quest ion arises: can an organism e x i s t  long in condi t ions  

where n i t rogen  i s  completely o r  p a r t i a l l y  replaced wi th  helium? However, a 

number of experiments have shown t h a t  n e i t h e r  l ack  of n i t rogen  nor poss ib le  

phys io logica l  in f luence  of  helium i t se l f  has  caused any ill e f f e c t s  on t h e  or- 

ganism o f  animals o r  people exposed t o  a helio-oxygen medium f o r  many days and 

weeks (Bond, 1963; Wright et  a l . ,  1964; Bartek e t  al . ,  1966; Hamilton e t  a l . ,  

1966; Lef t  et  a l . ,  1966; Robertson et  a l . ,  1966). It must be  taken i n t o  con- 

s i d e r a t i o n  t h a t ,  because of t h e  high heat-conductivity of h e l i m ,  a higher  temp- 

e r a t u r e  must be maintained t o  preserve thermal comfort (Leon and Cook, 1960; 

Boriskin et a l . ,  1963; Troxhikhin, 1966; Epperson et al . ,  1966; Fox, et  a l ,  

1966: Bonura et a l . ;  1967). 

Thus, helium mixtures  probably have g r e a t e r  promise as a n  a r t i f i c i a l  

r e sp i r a to ry  medium. 

A t  t h e  same t i m e ,  responses of an organism t o  r e s p i r a t i o n  of such mixtures 

have not been s tudied  very much as of ye t .  

ence method could p a r t l y  fill i n  some of t h e  gaps i n  our  knowledge about t h e  

phys io logica l  e f f e c t s  of helium. 

The app l i ca t ion  of t h e  gas  prefer-  

In  t h i s  pa r t  of t h e  research,  w e  t r i e d  t o  answer two quest ions:  

(1) Do animals,  and man d i s t ingu i sh  (and how) mixtures  containing n i t rogen  

and helium as d i luen t?  
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(2) Do gas preference responses t o  a l t e r e d  oxygen and carbon dioxide 

content i n  a helium medium change (and i n  what d i r ec t ion )?  

GAS PREFERENCEIN ANIMALS _-  UNDER CQNDITIONS OF NORMAL AIEL DECREASED 

OXYGEN CONTENT 

W e  (Breslav, et  a l . ,  1965) conducted experiments with animals where an  

a i r  mixture (nitrogen-oxygen) w a s  suppl ied t o  t h e  und i f f e ren t i a t ed  end of  t h e  

gas grad ien t  instrument and a helio-oxygen mixture (79% H e  + 21% 0 ) t o  t h e  

d i f f e r e n t i a t e d  end. 
2 

Under ordinary temperatures,  whi te  m i c e  avoided the  helium zone (Figure 

21). Such a r eac t ions  could have been caused by t h e  mentioned cooling e f f e c t  

of t h e  helium medium. W e  at tempted t o  supply a helio-oxygen mixture t h a t  w a s  

somewhat heated i n  comparison with t h e  a i r  mixture. This w a s  accomplished by 

passing t h e  mixture through a c o i l  mounted i n  a w a t e r  u l t ra thermosta t .  The 

temperature i n  t h e  chamber of  t h e  gas  grad ien t  instrument w a s  cont ro l led  by an  

electrothermometer which w a s  connected t o  both ends of t h e  chamber. 

Actual ly ,  r a i s i n g  t h e  temperature of thehelium-oxygenmixture by only 0.5" 

completely el iminated any negat ive  response of t h e  animals t o  t h e  helium 

medium. - I63  

I n  connection wi th  t h i s ,  i t  wasdecided t o  f i n d  out  what t h e  tkmperature of 

t h e  helio-oxygen mixture must be so  t h a t  t h e  animal 's  hea t  exchange condi t ions 

i n  t h i s  medium would be  t h e  same as i n  an  ordinary a i r  atmosphere. Y.A.  Konza 

(1965) conducted s p e c i a l  research i n  our  labora tory .  A s  is known, one of t h e  

most important i nd ica t ions  of thermoregulation i s  t h e  "cr i t ical  point". This  

i s  t h e  temperature zone i n  which an  organism's expenditures of energy t o  pre- 

serve a hea t  balance are minimal and, consequently, exchange is a t  t h e  lowest 

level. I n  s m a l l  warm-blooded animals ( m i c e ,  f o r  example) t h e  c r i t i ca l  poin t  

i n  an a i r  medium is approximately 30" ( H e r t e r ,  1936; Slonim, 1952). Thermal 

effects not iceably  devia t ing  from t h i s  po in t  l ead  t o  increased exchange 

(Starkov, 1961; Gubler, 196i ,  et al.).  In Konza's work t h e  thermal r egu la t ion  
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of t h e  animals w a s  i nd ica t ed  by oxygen consump- 

t i o n  and rectal temperature. Oxygen consumption 

w a s  determined by using two gas exchange in s t ru -  

ments a t  once: in one, t h e  animals w e r e  i n  an 

air  atmosphere, i n  t h e  o the r  they w e r e  i n  a hel io-  

oxygen medium (21% O2 + 79% H e ) .  

t u r e  w a s  measured by an electrothermometer. 

u l t r a the rmos ta t  under t h e  con t ro l  of an electro-  

thermometer w a s  used t o  create and maintain t h e  

necessary temperatures i n  t h e  chamber. 

Rectal  tempera- 

An 

Compara- 

r fl 

m - 
- 
- 
- 

- 
- - 
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_ _  

Figure 21. H e l i u m  gas pref- t i v e  s t u d i e s  w e r e  made on thermoregulation of 
erence of m i c e  i n  a medium 
with a normal (I) and lowered white  mice i n  temperature media of 16, 20, 25, 

t o  7.5% (11) oxygen content.  30, 35, and 40°C. Comparison of oxygen-consump- 
Average data  from 20 animals. 
1 - even temperature i n  both t i o n  i n  t h e  helio-oxygen and a i r  media shows t h a t  

mixtures; 2 - helium mixture a t  30" and below t h e  exchange level of m i c e  is - 

heated to OS5"; 
t o  3.0". Horizontally - - heated higher i n  the  helium medium than i n  t h e  a i r  med- 

choice index of helium- i u m  (Figure 22). The cooling e f f e c t  of t h e  
oxygen mixture i n  comparison 
with nitrogen-oxygen mixture helium w a s  r e f l e c t e d  i n  t h e  animals* r e c t a l  temp- 

(St) * e ra tu re .  Calculat ions based on t h e  data  w e  ob- 

ta ined show t h a t  t h e  temperature of t h e  c r i t i ca l  

po in t  (i.e., t h e  thermal n e u t r a l  zone) f o r  mice 

i n  a helio-oxygen medium is  3-4' higher than i n  an a i r  medium. 

33-34". 

It l ies  between 

Having determined t h i s  f a c t ,  w e  conducted experiments i n  t h e  gas gradient  

instrument, heat ing t h e  helio-oxygen mixture so t h a t  i t  w a s  3" w a r m e r  than the  

air. In  t h i s  experiment t h e  animals displayed a d i s t i n c t  preference f o r  t h e  

helio-oxygen medium i n  comparison with ordinary nitrogen-oxygen (Figure 21). 

Thus, when thermal exchange conditions are equalized, t h e  animals choose the  

medium where ni t rogen is  replaced with helium. 

It turned out t h a t  i f  t h e  ni t rogen and helium mixtures contained a decreased 

(but  equal) concentration of oxygen (7.5%) (Figure 21),  t h e  m i c e  c l e a r l y  pre- 

f e r r e d  t h e  helium end of t h e  gas preference instrument. This w a s  i n  s p i t e  of 
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t h e  f a c t  t h a t  both mixtures i n  a given series of experiments had t h e  same temp- 

e ra tu re .  It would seem t h a t  t h e  helium mixture would have a cooling inf luence 

on t h e  animals, e spec ia l ly  as the  helium content i n  a hypoxic mixture is higher  

than in  t h e  normal mixture. with condi t ions of oxygen s t a r v a t i o n ,  

as w a s  mentioned i n  Chapter 11, gaseous exchange (and t h i s  means hea t  produc- 

t i on ,  too) i n  animals drops; such cooling i n  t h e  helium medium i s  expressed 

p a r t i c u l a r l y  sharply (Altland, et al.,  1968). 

Moreover, 

1 6 3  

These facts i n d i c a t e  t h a t  some c h a r a c t e r i s t i c  of helium cause t h e  animals 

t o  p r e f e r ,  e spec ia l ly  i n  hypoxic condi t ions,  t h e  helium medium t o  t h e  usual  

ni t rogen one. It can b e  assumed t h a t  t h e s e  c h a r a c t e r i s t i c s  have a s p e c i f i c  

inf luence on t h e  r e s p i r a t o r y  funct ion and w i l l  have t o  be s tud ied  in  experiments 

on man. 

GAS PREFERENCE I N  MAN UNDER CONDITIONS OF NORMAL AND DECREASED 

OXYGEN CONTENT 

The high heat  conduct ivi ty  of helium is not of v i t a l  importance f o r .  7 

i n  breathing gas mixtures through a mask. 

Bowers and Fox, 1967 . The cooling e f f e c t  of such a medium is detected _ _  
This w a s  shown i n  experiments 

. .-J people i n  a helio-oxygen atmosphere. I f  a man only breathed t h e  helio-uA,, - 
mixture through a mask and remained i n  an ordinary a i r  medium, h i s  hea t  ex- 

change did not change. Therefore, i n  our  experiments w e  w e r e  a b l e  t o  t r a c e  t h e  

physiological inf luence of o t h e r  c h a r a c t e r i s t i c s  of helium not connected with 

i t s  thermal conduct ivi ty  . 
How did man respond t o  t h e  s u b s t i t u t i o n  o f h e l i u m f o r  nitrogen? The sub- 

j e c t s  w e r e  offered two re sp i r a to ry  mixtures containing t h e  same percentage of 

oxygen, a ni t rogen mixture (und i f f e ren t i a t ed )  and a helium mixture (differen-  

t i a t e d ) .  The helium mixture caused a s m a l l  i nc rease  i n  t h e  frequency of res- 

p i r a t i o n  with corresponding decrease of r e s p i r a t o r y  volume (Table I ) .  This 

developed as an adaptat ion t o  a less dense r e s p i r a t o r y  medium. Under these 

conditions frequent  and shallow breathing is more economical (Comroe, et al.,  

1956; Schi lder ,  et al., 1963; Trumpayts and Kaminskiy, 1967). An analogous 
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phenomenon can a l s o  be noted i n  breathing hypoxic 

helium mixtures,  although t h e  observed s h i f t s  are 

n o t  always s t a t i s t i c a l l y  r e l i a b l e .  Oxygen sat- 

u ra t ion  of t h e  blood hardly depended at a l l  on 
whether t h e  man breathed a helium o r  ni t rogen 

mixture. 

Under both normal and hypoxic conditions,  

t h e  s u b j e c t s  i nva r i ab ly  gave t h e i r  preference t o  

the  helium mixtures i n  comparison with t h e  n i t r o -  

gen mixtures. 

Figure 22 .  Oxygen consump- 
t i o n  (A) and r e c t a l  temper- 
a t u r e  (B) of mice a t  t h e  

The reason f o r  t h i s  probably involves t h e  

decreased r e s p i r a t o r y  work demanded t o  support 

end of a half-hour exposure necessary a l v e o l a r  v e n t i l a t i o n  i n  a less dense 
t o  a nitrogen-oxygen (white 
column) and helium-oxygen helium medium i n  connection with lowered resis- 

(shaded column) atmosphere tance of t h e  gas flow i n  t h e  r e sp i r a to ry  
a t  var ious temperatures of 
t h e  medium. Average d a t a  passages (Barch, 1936; Grafe, et a l . ,  1960). 

from 20 animals (according 
t o  Konza, 1965). 

Behnke and Yarbrough (1939) have found t h a t  i n  

atmospheric p re s su re  replacing ni t rogen with 

helium does not  change t h e  sensat ions i n  d ive r s  

which depend on r e s i s t a n c e  t o  r e s p i r a t i o n .  However, model experiments of t h e s e  

same authors  have shown t h a t  under condi t ions corresponding t o  forced breathing 

t h e  r e s i s t a n c e  t o  breathing helio-oxygen mixtures i n  narrow tubes is one and a 

h a l f  times less than t h e  r e s i s t a n c e  t o  breathing a i r  under these  conditions.  

This problem is  complicated by t h e  f a c t  t h a t ,  i n  t h e  presence of a laminar flow 

i n  a smooth tube, helium does not  decrease,  but  increases r e s i s t a n c e ,  because 

it  has a g r e a t e r  v i s c o s i t y  than nitrogen. 

t he  branchings of t h e  tracheobronchial  tree t h e r e  is a vortex,  and it is he re  

t h a t  t h e  densi ty  of gas assumes a dec i s ive  r o l e :  w i th  its decrease, r e s i s t ance  

t o  flow drops sharply.  

But it must be kept  i n  mind t h a t  in 

L e t  us recall t h a t  r e s i s t a n c e  t o  gas flow i n  t h e  r e s p i r a t o r y  tracts is 

expressed by t h e  r a t i o  
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where AP is t h e  pressure gradient  i n  the r e s p i r a t o r y  passages; k and k are 1 2 
t h e  constants corresponding t o  laminar and tu rbu len t  gas flows, t h e  first con- 

s t a n t  r e f l e c t i n g  t h e  v i s c o s i t y  of t h e  

volume of r e s p i r a t i o n  pe r  minute. 

gas and t h e  second its densi ty;  + is t h e  

- I 6 7  

It follows from t h i s  t h a t  t h e  s p e c i f i c  g r a v i t y  of t h e  second component i n  

t h e  above formula increases  when t h e r e  is  a turbulent  flow, and consequently, t h e  

sum (AP) expressing flow r e s i s t a n c e  decreases s i g n i f i c a n t l y  with low gas density.  

I f  t h e  volume of r e s p i r a t i o n  p e r  minute is increased, t h e  turbulence of t he  gas 

flow i n  t h e  r e s p i r a t o r y  passages increases .  Under these  condi t ions,  t h e  allev- 
i a t i n g  inf luence of helium on r e s p i r a t i o n  ought t o  become more pronounced, es- 

p e c i a l l y  as the  va lue  of t h e  turbulence constant ,  (i .e.,  gas densi ty)  which 

corresponds t o  t h e  above formula inc reases  proport ional ly  t o  t h e  square of ven- 

t i l a t i o n .  

breathing helio-oxygen mixtures is more e f f e c t i v e  (Kulik, 1967). 

This reasoning is  confirmed by t h e  f a c t  t h a t  during muscular e f f o r t  

I n  t h e  preceding experiments (Breslav and o the r s ,  1965) w e  learned t h a t  i n  
r e t u r n  r e s p i r a t i o n  i n  a closed chamber f i l l e d  with a helio-oxygen mixture, m a n  

successful ly  "reached" a lower oxygen content i n  t h e  r e s p i r a t o r y  medium. 

poxia caused, i n  t h e  words of t h e  s u b j e c t s ,  fewer unpleasant s ensa t ions  than 

w e r e  observed with t h e  nitrogen-oxygen medium. 

oxygen content i n  t h e  helium medium is  lower than i n  the  nitroge;'medium, oxy- 

genation of t h e  blood a t  t h e  end of t h e  experiment i n  both cases hardly d i f f e r s  

a t  a l l .  

a lveo la r  v e n t i l a t i o n  i n  breathing helium mixtures. As heliiun f a c i l i t a t e s  t h e  

movement of gas mixtures i n  t h e  r e s p i r a t o r y  passages, pr imari ly  t h e  proximal 

passages (Barnett ,  1967), a l v e o l a r  v e n t i l a t i o n  i n  breathing helio-oxygen mix-  
t u r e s  is a t t a i n e d  with less r e s p i r a t o r y  muscle work because of t h e  lowered 

r e s i s t a n c e  t o  t h e  gas flow. 

Hy- 

I n  s p i t e  of t he  f a c t  t h a t  t h e  

This f a c t  can a l s o  be considered as a consequence of more effective 

The work of Wiley and Zechman (1966/1967) shows t h a t  man perceives  a dif-  

f e r ence  i n  r e s p i r a t i o n  r e s i s t a n c e  of only 0.5 - 1.0 c m  water/&/sec. Response 
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TABLE 1 

RESPONSES OF MAN TO NITROGEN AND HELIUM RESPIRATORY MIXTURES WITH NORMAL AND 
LOWERED OXYGEN CONTENT. AVERAGE DATA FOR 12 SUBJECTS 

P ' I 1  

1 9x '2 nit rogen 
~ helium 

Mixture 

16.3 
18.0 

arameters of r e sp i r a t ion  & oxygenation of 
lood during inha la t ion  of mixtures & t h e i r  

a i t r e rences  (b f m) 

0.40 
0.38 

-0.02~0.01 
0.01 

0.42 
0.40 

-0.02+0.01 
0.05 

hythm of 
esp i r a t i or 
n mfn. 

93.3 
92.2 

-1.1 +0:9 
0.2 

91 .o 
91.2 

$0.220.5 
>0.5 

i t h - 2 1 i -  02 nitrogen 

helium 
D f m  

0.05 

0.49 
0.46 

0.2- 
-0.03+ 0.02 

P 
11 

'2nit rogen 
h e l i w  
Dfm 
P 

I 1  1 15% ''nit roger. 

I 
he1 iusl 

D+nr > 0.5 

83.2 
83.6 

0.3 
+0.4$_ 0.9 

P : 11 
, 1 12% 02nitrogen 

helium 
D f n i  

0.67 ~ 

0.57 
-0.10k0.04 

0.02 

79.3 
79.4 

O.O+l .S  - 

17.0 
17.6 

+O .6 + 0.3 
0.05 

16.6 
17.6 

+i .Of0.3 
0.01 

16.8 
17.0 

$0.220.4 
>0.5 

15.9 
16.6 

4.0.7 f 0.5 
0.2 

in.  vol.of 
resp., 
l i t e r s  

6.8 
6.5 

-0.3k0.2 
0.2 

6.9 
7 .O 

+B .1 f 0.3 > 0.5 

7.4 
7.2 

-0.7+ 0.3 
0.5 

7.6 
7.4 

-0.2k 0.4 > 0.5' 

10.5 
9.9 

-0.6f0.4 
0.3 

;;;;;:I, l-oxy g en s a t  
ura t ion  of 
blood,- % 

Loice in- 
ix of hel-  
nn mixture 
(St) 

- - 
+0.33&0.14 

0.05 

- - 
.+O .33+0 .I3 

0.01 

- - 
+0.27+0.1 1 

0.5 
- - 

$0.222 0.09 
0.05 

- - 
+o .21 kO.10 

0.05 

Number of 
ub jec t s  (X) 
i 61 ec t- 
.ng a 
i ixture 

not  
making 
a 
choice 

25 
67 i s  



t o  a changed r e s i s t a n c e  does not depend on how i t  is created (general  pressure 

of t h e  medium, densi ty  of t h e  gas mixture) (Maio and Fahri ,  1967). Inc iden ta l ly ,  

t h i s  is the  b a s i s  f o r  d ive r s '  a b i l i t y  t o  determine by t h e i r  own sensat ions t h e i r  

submersion depth. 

I f  a dense gas - argon - is included i n  t h e  composition of a r e sp i r a to ry  medi- 

um, t he  d ive r  sub jec t s  g ive  an exaggerated estimate of t h e i r  depth (Behnke and 

Yahrbrough, 1939). A t  t h e  same time, t h e  organism tends t o  select those condi- 

t i o n s  i n  which t h e r e  would be t h e  least r e s p i r a t o r y  work (Comroe, et  al., 1956; 
Gray and Field,  1959, e t  al). 

W e  w i l l  d i s cuss  he re  d i s t ingu i sh ing  t h e  dens i ty  of a medium. 

W e  suggest t h a t  j u s t  f o r  t h i s  reason both animals and man d i sp lay  a posi- 

t ive  response t o  gas mixtures where helium is used as a d i l u e n t  of oxygen. 

a l  ind ica t ions  of t h e  sub jec t s  v e r i f y  such a supposit ion.  "heyevaluate  helium 

mixtures as "easier" t o  breathe.  

Verb- 

HYPOXIC ~ AND HYPEROXIC GAS PREFERENCE 

L e t  us consider t h e  question of how t h e  s u b s t i t u t i o n  of helium f o r  ni t rogen 

inf luences an organism's responses t o  hypoxic r e s p i r a t o r y  media. 

The responses of white m i c e ,  under condi t ions of such an  exchange, t o  a 

mixture containing 12.5% 0 are approximately t h e  same as i n  a n i t rogen  medium. 2 

I n  experiments on people (Breslav and Salatsinskaya, 1966, 1%7), t h e  sub- 

j e c t s  w e r e  divided i n t o  two groups: one breathed only n i t rogen  mixtures during 

t h e  experiments, t he  o the r  - only helium mixtures. The und i f f e ren t i a t ed  m i x -  
t u r e  i n  each experiment w a s  a mixture with a normal oxygen content;  t h e  d i f f e r -  

e n t i a t e d  mixture had a lowered content.  

A s  seen i n  Figure 23, t h e  s u b j e c t s  d id  no t  d i s t i n g u i s h  between a mixture 

of ni t rogen with 18% 02; t h i s  w a s  shown i n  Chapter 11. T h e  analogous helium 

mixture w a s  mostly preferred i n  comparison with t h e  und i f f e ren t i a t ed  mixture, 

i n  s p i t e  of t h e  f a c t  t h a t  oxygenation of t h e  blood w a s  a l ready lowered. 

may b e  i n f e r r e d  t h a t  such a mixture,  because of t h e  s m a l l  supplementary hypoxic 

It 
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Figure 23. 
and i n  a helium (11) medium. 
rest of t h e  legend is t h e  s a m e  as i n  Figure 7. 

Hypoxic gas preference of man i n  a ni t rogen ( I )  
Data from 12 sub jec t s .  The 

stimulus,  produces a more usual  load on t h e  r e s p i r a t o r y  appartus i n  man than 

t h e  helium mixture wi th  normal oxygen content.  

of t h e  sub jec t s ,  breathing t h e  helium mixture seems unusually easy. 

Judging by t h e  ve rba l  r e p o r t s  

- I 6 9  

Beginning with 15% oxygen content i n  a ni t rogen mixture, v e n t i l a t i o n  in- 

creases almost l i n e a r l y  depending of t h e  degree of decrease of t h e  oxygen con- 

t e n t .  I n  t h e  helium group t h i s  r e l a t i o n s h i p  w a s  more weakly expressed, even 

though oxygenation of t h e  blood i n  t h i s  group w a s  decreased almost as much as 

i n  t h e  n i t rogen  group ( d i s t i n c t i o n  w a s  i n  no way s t a t i s t i c a l l y  s i g n i f i c a n t ) .  

Judging by s e l e c t i o n  response, t h e  s u b j e c t s  d i d  not  d i s t i n g u i s h  a helium mix- 

t u r e  with 12% 0 from t h e  und i f f e ren t i a t ed  mixture,  poss ib ly  in connection with 2 
less inc rease  of v e n t i l a t i o n  in breathing t h i s  mixture. 

n i t rogen  mixture wi th  12% 0 2 

A t  t h e  same time, t h e  

w a s  avoided. 

I n  more severe hypoxia (9% 02) t h e  d i f f e rence  between t h e  groups disappeared 

according t o  a l l  i nd ica t ions .  

sub jec t s  w a s  t h e  same both f o r  t h e  ni t rogen and f o r  t h e  helium mixtures. 

I n  p a r t i c u l a r ,  t h e  clear negat ive response of t h e  

Therefore, i n  a helium mixture man's nega t ive  response t o  a medium degree 

of hypoxia disappears,  probably because of helium's favorable  a c t i o n  on t h e  
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st e f f i c i e n c y  of r e s p i r a t o r y  work. 
150" '0.5 

II Experiments w e r e  a l s o  performed i n  which 
120 - co.2 

a man w a s  presented with a choice between a 

normally oxygenated helio-oxygen mixture 

(21% O2 + 79% He) and almost pure (98%)  

60 - -0.4 oxygen. 
.\p 50- -0.5 

W - - 0 6  
30 - -0.7 Under t h e s e  condi t ions,  t h e  s u b j e c t s  as /70 
20 - -0.8 
f0 - -0.9 a r u l e  p re fe r r ed  t o  breathe t h e  helium mixture, 

r e j e c t i n g  t h e  oxygen (Figure 24). Such a re- 
s u l t ,  of course, is not unexpected, as t h e r e  

I I 

21 98 

Figure 24. Hyperoxic gas are two reasons f o r  t h i s :  (1) t h e  f a c t o r s  
preference of man i n  a ni-  
trogen (I) and i n  a helium which usua l ly  cause t h e  majori ty  of people 

. .  

(11) medium. Data frbm 12 
sub jec t s .  The rest of t h e  
legend is t h e  same as i n  

t o  avoid breathing pure oxygen (see Chapter 11) 

and (2)  t he  g r e a t  d i f f e rence  i n  densi ty  of 

Figure 7. both r e s p i r a t o r y  media ( t h e  densi ty  of oxygen 

is  0.0014 g/cm , i.e., s t i l l  higher than ni-  2 

t rogen) ,  which is why t h e  ease of breathing t h e  helium mixture i n  comparison 

with t h e  oxygen appears even clearer. 

ve rba l  r epor t  t h a t  i t  is more d i f f i c u l t  t o  breathe oxygen. 

The sub jec t s  i n  f a c t  indicated i n  t h e i r  

HYPERCAPNIC GAS PREFERENCE . .  

I n  t h i s  series of experiments conducted on people, t h e  und i f f e ren t i a t ed  

mixture w a s  a helium o r  (as a con t ro l )  a n i t rogen  mixture with normal (21%) 

oxygen content.  Mixtures wi th  t h e  add i t ion  of var ious concentrat ions of carbon 

dioxide were a l s o  used as d i f f e r e n t i a t e d  mixtures. 

one group of sub jec t s  exclusively received n i t rogen  mixtures and t h e  o t h e r  
received helium. 

As i n  t h e  previous series, 

Ven t i l a to r  response t o  carbon dioxide w a s  expressed i n  t h e  helium medium /71 
more than i n  t h e  n i t rogen  (Figure 25). 

Tenney (1964) and can b e  explained by t h e  already c i t e d  a l l e v i a t i n g  a c t i o n  of 

This agrees with t h e  d a t a  presented by 
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helium on r e s p i r a t i o n  with increased 

v e n t i l a t i o n .  The sub jec t s  even preferred 

somewhat t h e  weakly hypercapnic (1% COz) 

helium mixture t o  t h e  und i f f e ren t i a t ed  

mixture. This,  i n  an analogy with a 
weakly hypoxic mixture, might depend -on 

t h e  more "comfortable" cha rac t e r  of 

breathing under condi t ions of a supple- 

mentary ( i n  t h i s  case hypercapnic) stimu- 

l u s .  But a c l e a r l y  negat ive response w a s  

noted t o  a mixture with 2.5% carbon di- 
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Figure 25. Hypercapnic gas pref- 
erence of man i n  a n i t rogen  (I) oxide content i n  t h e  helium group, where- 

and i n  a helium (11) medium. as t h e r e  w a s  no such response i n  t h e  
Data from 12 sub jec t s .  
of t h e  legend is t h e  same as i n  

The rest n i t rogen  group. The mixture containing 

Figure 7 and 14. 6% C02 w a s  a l s o  c l e a r l y  avoided i n  t h e  

n i t rogen  medium, bu t  it w a s  expressed 

more i n  t h e  helium medium. 

Medium degrees of hypercapnia in a helium medium seem t o  b e  b e t t e r  dis-  

t inguished by man than i n  a n i t rogen  medium. 

negat ive response. 

s t i t u t i o n  of helium f o r  ni t rogen,  because of i ts  unusual nature ,  is not  a b l e  t o  

cause an adequate enough ( i n  t h e  sense of an agreement between increased venti- 

l a t i o n  and lung perfusion) compensation f o r  t h e  organism's response. 

cause noncompensatory hypercapnic s h i f t s .  I n  f a c t ,  t h i s  appears t o  be t h e  reason 

f o r  man's negat ive response t o  moderate hypercapnia. 

d e f i n i t e l y  determine t h e  carbon dioxide p re s su re  in t h e  blood i n  t h e  r e s p i r a t i o n  

of corresponding mixtures. 

This causes a more o f t e n  expressed 

W e  assume t h a t  t h e  combination of hypercapnia and t h e  sub- 

This could 

Direct research can 

* *  * 
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It can b e  concluded from t h e  d a t a  presented t h a t  t h e  physical  p rope r t i e s  

of helium are revealed i n  t h e  d i s t i n c t i o n  by animals and man of r e s p i r a t o r y  med- 

i a  which contain t h i s  gas. Among its most important p r o p e r t i e s  are its low den- 

s i t y ,  which f a c i l i t a t e s  decreasing t h e  r e s i s t a n c e  of t h e  gas  flow i n  t h e  r e sp i r=  

a to ry  passages, and its somewhat changing r e s p i r a t i o n  regime. 

The f a c t s  obtained confirm t h a t  on a number of occasions t h e  use  of helium 

mixtures can favorably inf luence man's r e s p i r a t i o n .  

t he re  are s u f f i c i e n t l y  v a l i d  recommendations f o r  t h e  use of a helio-oxygen m i x -  
t u r e  not only f o r  the treatment of those with var ious a i r  flow obs t ruc t ions  i n  

t h e  r e s p i r a t o r y  passages (Barach, 1934; Green and Day, 1954; Marshak, 1661; 

Kulik, 1967, et a l ) ,  but a l s o  under several hypoxic condi t ions (Kane, 1940; 

I)olina, et  al.,  1966). The b a s i c  p o s i t i v e  property of helium under t h e s e  condi- 

t i o n s  is its favorable  inf luence on t h e  e f f i c i ency  of r e s p i r a t o r y  m u s c l e  work. 

It must be admitted t h a t  

Besides, s eve ra l  authors  (Dembeau, 1957; Isayev, 1968) see an advantage 

i n  t h e  g r e a t  d i f fus ion  capaci ty  of helium. 

t r a t i n g  i n t o  t h e  a i r  pas sages ,mus t ,  from t h i s  po in t  of v i e w ,  carry away mole- 

cules  of oxygen. This improves pulmonary gaseous exchange conditions.  As much /72 
evidence'as t h e r e  is  i n  t h e  l i t e r a t u r e ,  t h e  i n t e r e s t i n g  hypothesis t h a t  - i n  

r e s p i r a t i o n  of helio-oxygen mixtures - gaseous exchange and t h e  carbon dioxide 

d i f f u s i o n  a b i l i t y  of t h e  lungs do no t  change s t i l l  l a c k s  experimental support  

(Robertson, e t  a l . ,  1966). Our experiments did not  show any s p e c i f i c  inf luence 

of helium on t h e  oxygenation of t h e  blood, which would be impossiBle t o  explain 

by t h e  changes of t h e  breathing condi t ions discussed above. 

Molecules of t h i s  gas ,  e a s i l y  pene- 

Regarding t h e  question of d i s t i n c t i o n  by animals and man of r e s p i r a t o r y  

media, t he  following important f a c t  must be noted here.  Experiments with helium 

mixtures c l e a r l y  show t h a t  gas preference responses cannot only be determined by 

d i r e c t  "chemical" inf luence of a c e r t a i n  mixture on t h e  gas regime of an intern-  

a l  medium. Se lec t ing  a s p e c i f i c  gas mixture, t h e  organism a l s o  "takes i n t o  con- 

s ide ra t ion"  t h e  g r e a t e r  o r  lesser ease of achieving a compensated gas regime. 

More accurately,  it "considers" t h e  energy expenditure i n  r e s p i r a t o r y  work which 

w i l l  guarantee t h e  necessary a l v e o l a r  v e n t i l a t i o n  under given conditions.  
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Chapter I V  

RESPONSES TO THE ALTERED GAS MEDIUM UNDER FIXED BREA!IXING 

REGIME CONDITIONS 

Here we  are going t o  d i scuss  t h e  quest ion of what t h e  organism uses as a /73 
r e fe rence  point i n  choosing and d i s t ingu i sh ing  gas mixtures.  

Earlier w e  made t h e  suggestion t h a t ,  i n  a c t i v e l y  choosing r e s p i r a t o r y  media 

with varying oxygen and carbon dioxide content ,  an  organism avoids most of a l l  

those  mixtures which cause i n  him uncompensated s h i f t s  of t h e  gas regime (hy- 

poxia, hypercapnia). 

f ac to r s .  

Behavior of animals and man is  determined by chemical 

On t h e  oEher hand, experiments with helium mixtures a l s o  demonstrated t h e  

r o l e  of t h e  r e s p i r a t o r y  muscle load as a f a c t o r  which has  an  inf luence under 

c e r t a i n  conditions on t h e  choice by animals and man of c e r t a i n  gas media. 

is a l s o  impossible t o  deny t h e  r o l e  of t h a t  f a c t o r  i n  t h e  mechanism of dis t ing-  

uishing hyperoxic and e s p e c i a l l y  hypercapnic mixtures,  as responses t o  t h e  

la t ter  can cause a s i g n i f i c a n t  i nc rease  i n  pulmonary v e n t i l a t i o n .  

i ca l  work of t h e  r e s p i r a t o r y  muscles inc reases  i n  hype rven t i l a t ion  

higher  degree than t h e  volume of r e s p i r a t t o n  per  minute ( O t i s ,  e t  al . ,  1950). 

Thus, hypercapnia inc reases  energy expenditure i n  r e s p i r a t i o n  p a r t i c u l a r l y  

sharply.when t h e  carbon dioxide content i n  t h e  inhaled a i r  exceeds 5% (Whitten- 

berger ,  1962). 

is 0.56 kgm/min, then under the  in f luence  of hypercapnic mixtures t h i s  work in- 

creases according t o  t h e  P proport ional ly  t o  t h e  logarithm of v e n t i l a t i o n  

f o r  an exponent of 5.79 (Flenley, 1964). Cases are known i n  c l i n i c a l  practice 

when an organism " to l e ra t e s "  a c e r t a i n  degree of hypoxemia and hypercapnia t o  

avoid an increased respiratory load (Gray and F ie ld ,  1959; Shick, 1963). 

It 

The mechan- 

t o  an even 

If t h e  work of t h e  r e s p i r a t o r y  muscles in q u i e t  a i r  breathing 

c02 

78 



However, i n  our experiments t h e  threholds  of v e n t i l a t o r  response and dis-  

t i n c t i o n  of r e sp i r a to ry  mixtures o f t e n  did not  coincide. The s e l e c t i o n  index 

and t h e  i n t e n s i t y  of hype rven t i l a t ion  i n  breathing these  mixtures are n o t  always 

s u f f i c i e n t l y  c l ea r .  Therefore, i t  is d i f f i c u l t  t o  imagine t h a t  man d i s t ingu i shes  

s p e c i f i c  media from air  by h i s  own r e s p i r a t o r y  responses. 

of t h e  sub jec t s  about an apparent d i f f i c u l t y  of breathing must b e  considered 

c r i t i c a l l y ,  as they are i n  no way connected with t h e  expression of hyperventila- 

t i o n  by a certain person. It is known t h a t  a se l f - r epor t  about t h e  cha rac t e r  of 
r e s p i r a t o r y  movements is  achieved wi th  g rea t  d i f f i c u l t y  (Osipova, 1960). For 

example, people who w e r e  given a r e s p i r a t o r y  mixture containing 10.5% O2 hardly 

not iced t h a t  t h e i r  pulmonary v e n t i l a t i o n  a t  t h a t  time increased one and a h a l f  

t i m e s  (Voytkevich, 1952). 

/74 

These ve rba l  r e p o r t s  

Nevertheless,  what r o l e  do responses of t h e  r e s p i r a t o r y  apparatus play i n  

man's d i s t i ngu i sh ing  and s e l e c t i n g  gas mixtures? W e  conducted experiments where 

v e n t i l a t o r  responses i n  breathing var ious mixtures w e r e  removed as f a r  as possi- 

b l e  (Breslav and Zhironkin, 1969). 

ing of t h e  sub jec t  i n  a c e r t a i n  regime of rhythm and depth during t h e  experiment. 

Respiration i n  man i s  c l o s e l y  connected with locomotor funct ion and speech. 

Therefore, r e sp i r a to ry  movements, as is  known, can be con t ro l l ed  a r b i t r a r i l y .  

This a b i l i t y  of man, s tud ied  r e c e n t l y  by a number of authors  (Smimov, et a l ,  

1962; Reid, e t  a l . ,  1966/1967; Kulik, 1967; Fudin, 1967; Remmers, e t  a l . ,  1968), 

is l imited by demands t o  preserve an adequate gaseous exchange by t h e  organism, 

(Danko, 1964; Kolyakina, 1967). Consequently t h e  p o s s i b i l i t y  of ah in t a in ing  a 

normal r e s p i r a t i o n  regime is  connected, as is gas preference,  with t h e  physio- 

l o g i c a l  adequacy of an inhaled gas mixture. 

only t h e  d i s t i n c t i o n  and choice of var ious mixtures under f ixed  r e s p i r a t i o n  

condi t ions,  but  a l s o  t h e  l i m i t s  w i th in  which man is  a b l e  t o  i n h i b i t  a r b i t r a r i l y  

v e n t i l a t o r  response t o  changed composition of a r e s p i r a t o r y  medium. 

This w a s  accomplished by f i x i n g  t h e  breath- 

This s t imulated us  t o  study not  

To ca r ry  out t hese  experiments, t h e  spirographic  apparatus described i n  

A supplementary contact  w a s  Chapter I w a s  f i t t e d  with a s p e c i a l  attachment. 

mounted on each s l i d e  of t h e  spirograph which s l i d  along two vertical rods* 

The upper p a r t  of each rod w a s  m e t a l ;  t h e  lower w a s  covered with in su la t ion .  
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The rod can be moved i n  a vertical d i r e c t i o n ,  s e t t i n g  it a t  t h e  proper level. 

The rods w e r e  a c t i v a t e d  by electric cu r ren t s  i n  series wi th  s i g n a l  bulbs (white 

and blue) on t h e  panels  of t h e  sub jec t  and t h e  experimenter. I n  t h e  inha la t ion  

phase, t h e  s l i d e  of t h e  spirograph r o s e  upwards, t h e  s l i d i n g  contact  crossed 

from t h e  in su la t ed  p a r t  of each rod t o  t h e  metal p a r t ,  c lo s ing  t h e  c i rcu i t  of 
t h e  corresponding bulb. 

Before t h e  experiment, t h e  contact  rods of both s l i d e s  w e r e  set so t h a t  at 

each inha la t ion  of t h e  sub jec t  - a t  t h e  moment whenthe minimum required respira- 

t o ry  volume w a s  reached - the  white l i g h t  came on. 

t he  maximum allowable level,  t h e  blue one lit up. Each of t h e  subject 'k  inhala- /75 
t i o n s  began on the s t r o k e  of an electric metronome, set a t  a c e r t a i n  rhythm. I n  

advance two con t ro l l ed  experiments were conducted with each subject .  I n  t h e  f i r s t  

of t hese  under f r e e  a i r  breathing condi t ions,  we  found t h e  n a t u r a l  volume and 

rhythm of r e s p i r a t o r y  movements f o r  a given m a n .  

contact  rods were set so t h a t  t h e  white  bulb came on when t h e  r e sp i r a to ry  volume 

of a given sub jec t  reached 90%, and t h e  b l u e  bulb when 110% w a s  reached; t h e  

rhythm of t h e  metronome w a s  set t o  correspond wi th  t h e  r e s p i r a t i o n  rate. 

When t h e  inha la t ion  reached 

I n  t h e  second experiment, t h e  

The s u b j e c t s  w e r e  given these  i n s t r u c t i o n s :  b rea the  undef: t h e  metronome, 

inhal ing each t i m e  u n t i l  t h e  white bulb l i g h t s  up and no t  allowing the  b l u e  one 

t o  b e  switched on. If t h e  p re se t  rhythm and depth of breathing w e r e  s u i t a b l e ,  

than a l l  t h e  subsequent experiments i n  a given series w e r e  conducted with t h i s  

same regime, which, as a rule, t h e  sub jec t  w a s  q u i t e  used to .  

HYPOXIC AND HYPEROXIC GAS PREFERENCE 

L e t  us  compare t h e  d a t a  obtained i n  free breathing of hypoxic mixtures 

(Figure 7) with t h e  results of t h e  experiments conducted under f ixed  breathing 

regime conditions.  

As is seen i n  Figure 26, with a constant v e n t i l a t i o n  l e v e l ,  t h e  man dis-  

played a clearer negat ive response t o  hypoxic medium. 

s i g n i f i c a n t  p a r t  of t h e  sub jec t s  w a s  a l ready observed with 5-minute r e s p i r a t i o n  

Such a response i n  a 
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L +02 '' could no t  d i s t i n g u i s h  these  mixtures from 

air. Therefore, a c t u a l  l a c k  of hyper- 

v e n t i l a t i o n  during t h e  r e s p i r a t i o n  of 

hypoxic mixtures d id  not exclude t h e  dis-  

play of negat ive gas  preference,  but ,  on 
t he  contrary,  lowered its threshold.  
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subjects .  Shaded-columns - number hypoxemic s h i f t ,  and thereby t o  an in- - .~ 

Of Of a given respiratory crease of corresponding hemoreceptor volume ( i n  X of t h e  number of ex- 
periments). The rest of t h e  legend pulsat ions.  However, t h e  c i t e d  da t a  do 
is t h e  s a m e  as i n  Figure 7. not support  t h i s .  In a f ixed  r e s p i r a t i o n  

regime, t h e  decrease i n  oxygen s a t u r a t i o n  

of t h e  blood w a s  not more, but  even somewhat less, than under f r e e  breathing 

conditions.  

t h e  decrease i n  oxygenation of t h e  blood during a f r e e  regime w a s  5.5  f 1.9% 

more than i n  t h e  very same people during a f i x e d  breathing regime. 

Thus, i h  a 15-minute r e s p i r a t i o n  of a mixture containing 12% 02, 

This f a c t  might seem strange,  as v e n t i l a t o r  response had t o  compensate 

exact ly  f o r  t he  decreased oxygen en te r ing  t h e  a l v e o l i .  But i t  must b e  taken 

i n t o  account t h a t  increased y e n t i l a t i o n  is  not  always accompanied by an ade- 

quate  inc rease  of pulmonary blood flow. 

v e n t i l a t i o n  lowers t h e  e f f i c i e n c y  of pulmonary gaseous exchange (Dirken and 

Heemstra, 1947-1948, e t  a l ) .  Another reason f o r  t h e  comparatively high oxygen- 

a t i o n  of t h e  blood during f ixed  breathing of hypoxic mixtures could be t h e  

lowered u t i l i z a t i o n  o f  oxygen by t h e  t i s s u e s .  

oxygen consumption is  considerably less than i n  f r e e  breathing. 

a t  t h e  15th minute of f r e e l y  breathing a mixture with 12% 02, t h e  d i f f e rence  

w a s  70 

in  an organism during a f i x e d  Xevel of v e n t i l a t i o n  occurred because of t h e  

This d i s p a r i t y  between perfusion and /76 

I n  f a c t ,  under these  condi t ions 

For example, 

k 27 m l  0 2 / m i n .  Possibly,  t h e  slowing down of t h e  oxidizing processes 
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conditioned r e f l e x  connections between t h e  metabolism level and r e s p i r a t i o n .  

O r  it might have been caused by t h e  presence i n  t h e  c e n t r a l  nervous system of 

a s t rong dominant c e n t e r  d i r e c t e d  at suppressing t h e  v e n t i l a t o r  response t o  

hypoxia. 

Analyzing t h e  d i s t i n c t i o n  of hypoxic mixtures during free breathing (see 

page 6 4 ) ,  w e  made t h e  assumption t h a t  p a r t  of t h e  unpleasant sensat ions of man 

might be connected with hypocapnia as one of t h e  e f f e c t s  of increased ventila- 
t i on .  

p l e t e l y  disappears.  As our  d a t a  showed, i n  breathing hypoxic mixtures a l v e o l a r  

Under these  condi t ions of a constant  v e n t i l a t i o n  regime, t h i s  f a c t o r  com- 

hardly changes a t  a l l .  pco2 

W e  assume t h a t  t h e  b a s i c  reason f o r  increased nega t ive  response t o  mixtures /77 
with lowered oxygen content i n  a f ixed  r e s p i r a t o r y  regime l i es  i n  the  c o n f l i c t  

between t h e  hypoxic s t imulus from an i n t e r n a l  medium (stimulus of t h e  respira-  

t o ry  response) and t h e  slowing process i s su ing  from t h e  co r t ex  of t he  brain.  

This is  i l l u s t r a t e d  by t h e  ve rba l  r e p o r t s  of t h e  sub jec t s .  

"hard t o  breathe" s ta tements ,  they o f t e n  s t a t e d :  

i n h a l e  deeper", etc. 

Besides t h e  usual  

%ot enough air", "I want t o  

When t h e  hypoxic s t imu la t ion  reached a s p e c i f i c  s t r eng th ,  such a c o n f l i c t  

w a s  solved by v e n t i l a t o r  response. Involuntary i n t e n s i f i c a t i o n  (more sharp in- 

crease of frequency) of r e s p i r a t i o n  began. 

i nha l ing  mixtures containing 12 - 9% 02, and took p l ace  i n  t h e  maJority of sub- 

jects when t h e  oxygen concentration i n  a r e s p i r a t o r y  mixture w a s  lowered t o  7% 

(Figure 27) .  

Similar  c u t o f f s  o f t e n  occurred i n  

I n  Chapter I1 it w a s  shown t h a t  i nha l ing  oxygen does no t  change t h e  volume 

of v e n t i l a t i o n  much. Evidently, i n  connection wi th  t h i s  fact, response to pure 

oxygen i n  a f i x e d  regime d i f f e r s  l i t t l e  from t h e  response observed under free 

breathing conditions.  
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Figure 27. 
resp i ra t ion  regime with inhalat ion of  air and hypoxic mixtures. 
with 9% O2 content, given parameters are maintained, t h e  air mixture i s  preferred t o  the  

hypoxic; 

begins, negative response t o  an hypoxic mixture i s  s t i l l  more evident. 
minimum, average,and maximum respiratory volumes. 
as i n  Figure 8. 

Spirogram and oxygen saturat ion of the blood i n  man under conditions of a f ixed 
A - resp i ra t ion  of a mixture 

B - resp i ra t ion  of a mixture with 7% O2 content, a cutoff of a given volume 

Shaded l i n e  - 
The rest of the legend is  the  same 



Figure 27 (Continued) 



HYPERCAPNIC GAS PREFERENCE 

I f ,  under ordinary condi t ions as shown i n  Chapter 11, t h e  threshold of 

man's a b i l i t y  t o  d i s t ingu i sh  hypercapnic mixtures i n  5-minute exposures is re- 
vealed i n  t h e  i n t e r v a l  between 3 and 4% CO then i n  a f ixed  breathing regime, 

mixtures with even 1-2% CO content would o f t en  be r e j e c t e d  by t h e  subjects .  2 
But a negative choice response t o  more concentrated hypercapnic mixtures appears 

much more c l e a r l y  than i n  f r e e  breathing (Figure 28). 

2' 

Obviously, man's increased a b i l i t y  t o  d i s t ingu i sh  t h e s e  media urider f i x e d  

r e sp i r a to ry  regime condi t ions is due t o  t h e  known d i f f i c u l t y  of a rb i t ra ' r i ly  sup- 

pressing v e n t i l a t o r  response t o  excess carbon dioxide. 

Even i n  inhal ing mixtures containing 1% CO frequent c u t o f f s  of a given 

volume of r e s p i r a t i o n  are observed. With t h e  C02 content i n  mixtures of 4-5%, 

many sub jec t s  could endure n e i t h e r  t h e  depth nor t h e  rhythm of t h e  r e sp i r a to ry  

movements demanded by t h e  i n s t r u c t i o n s .  With increased carbon dioxide concen- 

t r a t i o n ,  impairment of t h e  f ixed  r e s p i r a t o r y  regime became all t h e  more 

frequent . 

2' 

than 

only 

with 

Hypercapnic s h i f t s  w e r e  expressed more s t rong ly  under these  condi t ions 

i n  f r e e  breathing of t he  s a m e  mixtures. 

2% CO increased t h e  a lveo la r  pressure of t h i s  gas t o  6 mm Hg. 

Inha la t ion  of mixtures containing 

2 

Evidently, a similar carbon dioxide excess i n  t h e  i n t e r n a l  medium, coupled 

t h e  d i f f i c u l t y  of repressing r e s p i r a t o r y  responses t o  t h i s  l ack ,  is  a l s o  a 
reason why negative preference i n  inhal ing a hypercapnic mixtures no t  only does 

not weaken, but even i n t e n s i f i e s ,  under f ixed  v e n t i l a t i o n  conditions.  The re- 

moval of one of t h e  f a c t o r s  of negat ive responses t o  hypercapnia (increased 

load on the  r e s p i r a t o r y  muscles during hypervent i la t ion)  w a s  followed by t h e  

introduct ion of a new negat ive f a c t o r .  

/80 

I n  one of t h e  series of experiments, t h e  "tuning" of t h e  sub jec t s '  breath- 

ing was changed. A t  f i r s t ,  i n . t h e  con t ro l  experiment, they f r e e l y  breathed 
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a mixture containing 3% C02 and 21% O2 i n  ni t rogen.  

of r e s p i r a t i o n  observed then w e r e  recorded. 

same increased r e s p i r a t o r y  regime i n  t h e  following experiments. 

The depth and frequency 

The s u b j e c t s  had t o  observe t h i s  

Under condi t ions of such a f i x e d  hype rven t i l a t ion  when the  sub jec t s  were 
o f fe red  ordinary a i r  and a mixture containing 3% CO t h e  overwhelming majori ty  2' 
chose t h e  lat ter (Figure 29). 
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Figure 28. Hypercapnic gas preference 
of man under condi t ions of a f i x e d  
r e s p i r a t i o n  regime. Average da ta  from 
12 sub jec t s .  Shaded columns - number 
of "cutoffs" of a given r e s p i r a t o r y  
volume ( i n  % of t h e  number of experi- 
ments). 
t h e  same as i n  Figures 7 and 14. 

The rest of t h e  legend is 
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Figure 29. Hypercapnic gas 
preference i n  man'<pnder con- 
d i t i o n s  of a f ixed  r e s p i r a t i o n  
regime "tuned" t o  an a i r  (I) 
and t o  a hypercapnic (11) 
mixture. Average d a t a  from 
12 sub jec t s .  V e r t i c a l l y  - 
choice index of a mixfjure 
wi th  3% C02 content (st). 

It is clear t h a t  i f ,  a t  an ordinary level of v e n t i l a t i o n ,  a man e x h i b i t s  

a negat ive response t o  t h i s  mixture, avoiding hypercapnia, then i n  an experi- 

ment thus arranged he avoids,  on t h e  o t h e r  hand, hypocapnia, developing with 

t h e  increased v e n t i l a t i o n  of air. 

carbon dioxide eliminated hypocapnia; t he re fo re ,  evident ly ,  i t  w a s  also pre- 

f e r r ed  by t h e  sub j ects. 

I n  t h i s  case, t h e  mixture containing excess 

- I81 
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H e r e  t h e  i n t e r r e l a t i o n s h i p  of chemical and r e f l e x  r e s p i r a t o r y  responses 

might a l s o  play a d e f i n i t e  r o l e .  

by t h e  Hering -Brerer r e f l e x e s  lowers t h e  s e n s i t i v i t y  of t h e  r e s p i r a t o r y  cen te r  

t o  carbon dioxide (Fowler, 1954; Opie, et  a l . ,  1959). Therefore, increased 

r e s p i r a t i o n  depth, because of t h e  i n h i b i t i n g  inf luence of pulmonary mechanoreceptor 

e x c i t a t i o n  (negative feedback), decreases t h e  "conscious perception of chemical 

stimulus". 

a l a r g e  carbon dioxide concentrat ion i n  an inhaled mixture (Remmers, et al.,  

1968). 

There is  evidence t h a t  d i l a t i o n  of t h e  lungs * 

It allows a man t o  maintain a given r e s p i r a t o r y  volume when t h e r e  is 

HYPOXIC-HYPERCAPNIC GAS PREFERENCE 

L e t  us d i scuss  how man reac t ed  under f ixed  r e s p i r a t o r y  regime condi t ions 

t o  hypoxic mixtures on a background of a hypercapnic mixture (3% C02 i n  t h e  

und i f f e ren t i a t ed  and i n  t h e  d i f f e r e n t i a t e d  mixtures). 

Two versions of t h e  experiments were conducted. I n  the  f i r s t  vers ion the  

sub jec t s  breathed, and the  ordinary parameters were observed (rhythm and r e sp i r -  

a t i o n  volume) which w e r e  e s t ab l i shed  f o r  them i n  a i r  breathing (Figure 30, A). 

Under these conditions t h e  "undifferent ia ted" mixture (3% C02 + 21% 02) w a s  no t  

i n  t h e  s t r i c t  sense i n d i f f e r e n t ,  as it  caused hypercapnic s h i f t s  i n  man. 

Regarding t h i s  choice response, t h e  mixtures he re  containing 18 and 

15% 0 were not  dis t inguished by the  sub jec t s  from normally oxygenated mixtures 

i n  5-minute r e sp i r a t ion .  Many people under these  condi t ions could not even en- 

dure t h e  given volume of r e s p i r a t i o n .  A 12% mixture even caused c e r t a i n  nega- 

t i v e  responses accompanied by complaints about t h e  sharp worsening of general  

f e e l i n g  (dizziness ,  sweating). Cases of given r e s p i r a t i o n  parameters being c u t  

o f f  were more frequent.  

breathing a hypercapnic mixture containing 9% 02. 

2 

These e f f e c t s  w e r e  expressed s t i l l  more stongly i n  

* 
Trans la to r ' s  Note: ,This is named after Ewald 

physiologis t .  
Hering, a German 
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Thus, i n  t h i s  case a l s o ,  repression 

of v e n t i l a t o r  response improved t h e  con- 

d i t i o n s  of man's d i s t ingu i sh ing  hyper- 

capnic media. 

I n  t h e  second ve r s ion  of t h e  experi- 

ments, t h e  regime of t h e  s u b j e c t s  w a s  

"tuned" t o  a normal oxygen mixture con- 

t a i n i n g  3% C02, as w a s  described on 

page 8 5 .  Consequently, h e r e  t h e  undif- 

f e r e n t i a t e d  mixture (3% COP + 2J!k 02) 

w a s  completely adequate f o r  t h e  sub jec t s '  

v e n t i l a t i o n .  

It is n a t u r a l  t h a t  i n  connection 

with increased VRM i n  these  experiments 

hypoxic mixtures caused less lowering 

of oxygenation of t h e  blood and increased 

pulse  frequency than i n  t h e  r e s p i r a t i o n  

"tuned" t o  air (Figure 30, B).  

A t  t h e  same t i m e  a considerable - / 83 
Figure 30. Hypoxic gas preference 
of man i n  a medium of 
added carbon dioxide (3%) under 
condi t ions of a f ixed  r e s p i r a t i o n  
regime "tuned" t o  a i r  (A) and t o  
a mixture with 3% C02 (B). 
rest of t h e  legend is t h e  same as 
i n  Figures 7 and 26. 

port ion of t h e  s u b j e c t s  displayed a 

p o s i t i v e  response i n  relatTon t o  mixtures 

containing 18-12% 02, and avoided breath- 

ing t h e  und i f f e ren t i a t ed  mixture. This 

paradoxical e f f e c t  is  no t  d i f f i c u l t  t o  

explain as t h e  mixtures with a somewhat 

lowered oxygen content w e r e  more adequate 

It could a l s o  affect t h e  mentioned in- 

The 

f o r  t h e  increased level of v e n t i l a t i o n .  

h i b i t i n g  inf luence of t h e  lowered r e s p i r a t o r y  volume on t h e  chemical s e n s i t i v i t y  

of t h e  r e s p i r a t i o n  r egu la t ion  appa.ratus. 

negat ive response i n  t h e  subjects .  

occurred here. 

Only a 9% mixture caused a d e f i n i t e  

Disruption of t h e  given r e s p i r a t o r y  regime 

* * *  
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Therefore, under f ixed  r e s p i r a t i o n  regime condi t ions,  man's a b i l i t y  t o  

d i s t i n g u i s h  changes of t h e  gas composition of inhaled mixtures is  s t ronge r  than 

under ordinary conditions.  

more adequate f o r  a given volume of pulmonary v e n t i l a t i o n  and responds negat ively 

t o  mixtures whose r e s p i r a t i o n  i n  a given regime involves impairment of t h e  gas 

content of t h e  i n t e r n a l  medium- hypoxia, hypercapnia, o r  hypocapnia. 

Man c l e a r l y  selects those media whose content is 

This shows t h a t  gas preference responses t o  mixtures with a l t e r e d  oxygen 

and carbon dioxide content are no t  b a s i c a l l y  determined by t h e  load on t h e  res- 
p i r a t o r y  muscles. Otherwise, t h e  a b i l i t y  of man t o  d i s t i n g u i s h  gas mixtures i n  
f ixed  r e s p i r a t i o n  regime condi t ions would no t  increase,  b u t  on t h e  contrary,  

disappear because of v e n t i l a t o r  response t o  t h i s  mixture. 

a l s o  plays some kind of a r o l e  here,  then it  is only a secondary one'". 

organismrespondsmostly t o  hypoxic and hypercapnic s h i f t s  i n  the  i n t e r n a l  medium. 

When we, with t h e  he lp  of a r b i t r a r y  stress, hinder  t h e  r e f l e x  apparatus of an 

adequate v e n t i l a t i o n  level i n  response t o  t h e s e  s h i f t s ,  negat ive choice, and 

consequently, a l s o  d i s t i n c t i o n  of corresponding mixtures increases .  This evi- 

den t ly  occurs because of a c o n f l i c t  between t h e  s t imu la t ing  and i n h i b i t i n g  pro- 

cesses i n  t h e  co r t ex  of t h e  b r a i n  which coordinate  r e s p i r a t i o n  with o t h e r  func- 
t i o n s  (Kocherga, 1966). 

I f  t h e  energy f a c t o r  

The 

The question of man's a b i l i t y  t o  maintain a constant  regime of r e s p i r a t o r y  

movement a l s o  is  of independent importance. There is information t h a t  t h i s  

a b i l i t y  remains i n  moderate hypoxia, i n  an "ascent" i n  an al t i tude? chamber t o  

an a l t i t u d e  of 5 km (Buteyko, et a l ,  1966). But i f  t h e  oxygen content i n  t h e  

medium is s i g n i f i c a n t l y  lowered (according t o  our d a t a  below 9%),  a r b i t r a r y  

r egu la t ion  of r e s p i r a t i o n  s t i l l  cannot r e t a r d  hypoxic s t imulat ion,  even i n  a 
s h o r t  l eng th  of t i m e .  Regulatory mechanisms are even more s e n s i t i v e  t o  hyper- 

capnia. J u s t  a 3% C02 content i n  t h e  inhaled mixture causes dis turbance of a 

given r e s p i r a t i o n  regime i n  some people. However, man's s t ronges t  a b i l i t y  t o  

activate v e n t i l a t i o n  response a r b i t r a r i l y  is impaired when a shortage of oxygen 

.- 

. - , .  . .  

- I84 

( l )Th i s  does not p e r t a i n  t o  breathing helium mixtures. Due t o  the  sig- 
n i f i c a n t  d i f f e rence  between t h e  physical  p r o p e r t i e s  of r e s p i r a t o r y  media, t h e  
energy f a c t o r  is of dec i s ive  iiaportance i n  gas preference responses (see 
Chapter 111). 
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i n  t h e  r e s p i r a t o r y  medium is combined wi th  excess carbon dioxide, i.e., under 

t h e  in f luence  of t h e  most adequate s t imu la to r  of r e s p i r a t i o n ,  active i n  muscle 

work. 

muscular a c t i v i t y  man does not  seem t o  be i n  a pos i t i on  t o  r e g u l a t e  h i s  r e sp i r a -  

t ion  a r b i t r a r i l y  . 

According t o  t h e  observat ions of Y . I .  Dan'ko (1964, 1967) i n  i n t e n s e  

Man's gas preference response, on one hand, and t h e  a b i l i t y  t o  d i r e c t  h i s  

r e s p i r a t i o n ,  on t h e  o the r ,  have a common element - a ve rba l  s e l f - r epor t ,  which 

i s  a l s o  a most important component of any a r b i t r a r y  (conscious) a c t i v i t y .  

The research of K.M. Smimov, et  a l . ,  1962, 1964, 1966, showed t h a t  i n  
f u l f i l l i n g  t h e  i n s t r u c t i o n s  about changing depth o r  rhythm of h i s  breathing a 
man necessa r i ly  r epea t s  t h e  t a s k  t o  himself.  

The perception of one o r  o the r  a f f e r e n t  impulses, caused by a change i n  
t h e  composition of a r e s p i r a t o r y  medium, must a l s o  

which it can b e  verbal ized t o  cause an a r b i t r a r y  act of choosing a mixture. 

According t o  information from our sub jec t s ,  i n  evaluat ing t h e  r e sp i r a to ry  m i x -  
t u r e s  o f f e red  t o  them during t h e  experiment, they necessa r i ly  spoke t o  them- 

selves ("the r i g h t  mixture is  kind of s t i f l i n g " ,  "the l e f t  one w a s  easier t o  

breathe", " t h i s  mixture should be ended quicker,  I can ' t  breathe it any more", 

etc.). It w a s  i nd ica t ed  i n  Chapter I t h a t  discrepancies  between verbal  r epor t  

and a c t u a l  choice of gas mixtures w e r e  q u i t e  rare. 

evident ly  reach a l e v e l  a t  

As  w i l l  be  shown, i n  t h e  process of t r a i n i n g  man t o  d i s t ingu i sh  gas  media, 

t h i s  g e n e r a l i t y  of gas  preference responses wi th  a r b i t r a r y  r e s p i r a t i o n  r egu la t ion  

is c l e a r l y  revealed. 
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Chapter V 

RECEPTORS FOR RESPONSES TO THE ALTERED GAS MEDIUM 

Which s p e c i f i c  r ecep to r s  e m i t  t h e  information on t h e  gas composition of 

t h e  e x t e r n a l  and i n t e r n a l  media, which provides f o r  an  adequate body r eac t ion  

t o  varying compositions of r e s p i r a t o r y  mixtures? 

/85 

Unfortunately, Soviet  l i t e r a t u r e  does not  include a s i n g l e  state-of-the- 

art work i n  t h i s  f i e l d .  

i n  some d e t a i l .  

Hence, i t  w a s  f e l t  t h a t  t h i s  problem should b e  discussed 

-- MECHANISMS FOR THE PERCEPTION O F  THE GAS ENVIRONMENT COMPOSITION 

W e  w i l l  now consider t h e  r ecep to r ,  which can be included i n  t h e  "gas 

analyzer" of t h e  given organism, based on d a t a  t h a t  w e r e  obtained as a result 
of i n t e n s i v e  s tud ie s ,  conducted i n  r ecen t  yea r s  i n  t h e  f i e l d  of r e s p i r a t o r y  con- 

t r o l  and chemoreception. 

Chemoreceptors.of t h e  Respiratory Tract and Lungs 

It is l o g i c a l  t o  assume t h a t  t h e  composition of t h e  r e s p i r a t o r y  gas media 

is perceived a t  t h e  "intake" i n t o  t h e  organism, s i m i l a r  t o  food. This accounts 

f o r  numerous a t t e m p t s ,  made by i n v e s t i g a t o r s ,  t o  discover t h e  appropriate  sens- 

ors .  

t h e  upper r e sp i r a to ry  tract, which serves as a recep to r  f i e l d  f o r  t h e  r eac t ions  

t o  miscellaneous i r r i t a n t s ,  including chemical i r r i t a n t s .  

t h e s e  r ecep to r s  con t ro l  t h e  composition of t h e  in sp i r ed  a i r ?  

I n  f a c t ,  t h e  in sp i r ed  a i r  f i r s t  of a l l  makes contact  w i th  t h e  mucosa of 

Could it j u s t  b e  t h a t  

I - _. _. . ._ 
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Ye.N. Pavlovskiy (1937) noted t h e  s e n s i t i v i t y  of n a s a l  mucosa t o  increased 

CO concentration; t h i s  s e n s i t i v i t y  decreased after neurotomy of t h e  t r igeminal  

nerve ( f i f t h  c r a n i a l  nerve).  

a t e l y  through t h e  larynx and through t h e  upper r e s p i r a t o r y  tracts. 

t o  observe r e s p i r a t o r y  and blood c i r c u l a t i o n  r eac t ions ,  which could b e  co r re l a t ed  

with t h e  C02 content i n  t h e  gas mixtures used; after coca in i za t ion  of t h e  mucosa, 

t h e s e  r e a c t i o n s  disappeared. 

2 
V.A. Bukov (1941) passed gaseous mixtures separ- 

H e  w a s  a b l e  

However, t h e s e  f ind ings  were n o t  conf inned i n  subsequent s tud ie s ;  thus,  

t h e  presence of chemoreceptors p a r t i c i p a t i n g  i n  breathing con t ro l  i n  t h e  r e sp i r a -  

t o ry  tracts of mammals cannot be considered an es t ab l i shed  f a c t .  

t ioned s t u d i e s  by Ye.N. Pavlovskiy and V.A. Bukov conceivably might have d e a l t  

w i t h a r t e f a c t s ,  i f  we consider t h e  s e n s i t i v i t y  of t h e  mucosa of t h e  upper respira-  

t o r y  tract t o  t h e  mechanical a c t i o n  of a i r f l o w  (Lopatina, 1948); Fel'berbaum, 

1963; Sagalovich, 1967; Comroe, 1967, and o the r s .  

The aforemen- 

The remarkable constancy of a l v e o l a r  a i r  composition l e d  many phys io log i s t s  

t o  assume t h e  ex i s t ence  of r ecep to r s  which c o n t r o l  t h e  p re s su re  of gases in al- 

veolae,  o r  i n  t h e  blood from t h e  lungs. 

I n  pulmonary alveolae,  morphologists w e r e  discovering c e r t a i n  s p e c i a l  

c l u s t e r - l i k e  o r  d e n d r i t i c  nerve endings. 

endings may b e  t h e  ones t h a t  perceive t h e  v a r i a t i o n  of t h e  composition of t h e  

a l v e o l a r  air  (Larsell, 1922; Pa r t r idge ,  1944, Lashkov, 1963). 

Assumptions w e r e  made t h a t  t h e s e  nerve 

Back i n  t h e  19 th  century,  Traube (1847, c i t e d  from Cordier and Heymans, 

1935) thought t h a t  chemical i r r i t a t i o n s  are t r ansmi t t ed  d i r e c t l y  t o  t h e  respira-  

t o r y  cen te r  from t h e  lungs. 

causes dyspnea (Mayer, 1925, c i t e d  from Cordier and Heymans, 1935, and many 

o the r s ) .  Ammonia vapors cause a r e f l e c t o r y  stoppage of breathing (Dauterband, 

1933; Vinokurov, 1948, et  a l ) .  I n  addi t ion,  d a t a  w e r e  obtained, supporting 

t h e  contention regarding t h e  e f f e c t  of CO 

Pi-Suiier and Bel l ido,  1921 ( c i t e d  from Cordier and Heymans, 1935) v e n t i l a t i n g  

lungs perfused by C02-rich mixtures (g rea t e r  t han  20%), noted a reflex 

Notably, pulmonary i r r i t a t i o n  by t o x i c  agents 

upon pulmonary receptors.  2 
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e x c i t a t i o n  of t h e  r e s p i r a t o r y  cen te r  of an i s o l a t e d  animal head over t h e  vagus 

nerve ( t e n t h  c r a n i a l  nerve). 

receptors ,  r eac t ing  t o  t h e  C02 of t h e  in sp i r ed  a i r  (Pi-Sufier, 1947). 

Hortolomeri, et al., 1963, introduced oxygen through a probe, i n s e r t e d  i n t o  t h e  

main bronchus, and observed a decrease of t h e  amplitude and of t h e  breathing 

rate; opposi te  e f f e c t s  took p l ace  with C02 mixtures. 

Some i n v e s t i g a t o r s  concluded t h a t  lungs contain 

I n  s p i t e  of t hese  inves t iga t ions ,  most authors  do not  a t t r i b u t e  a substan- 

t i a l  r o l e  i n  breathing con t ro l  t o  pulmonary chemoreceptors (Heymans and Heymans, 

1927; Dejours, 1962, et al.). Following is t h e  b a s i s  f o r  t h i s  viewpoint: 

The v e n t i l a t i o n  of i s o l a t e d  lungs,  connected t o  an i s o l a t e d  head 

only by means of pneumogastric nerves,  using hypoxic o r  hyper- 

c a r p i c  mixtures, does not  a f f e c t  t h e  funct ion of t he  r e s p i r a t o r y  

center ;  Pi-Suiier's f indings can b e  a t t r i b u t e d  t o  t h e  app l i ca t ion  

of obviously non-physiological concentrations of C02 (Heymands 

and Heymans, 1927). 

- 187 

The i n s p i r a t i o n  of mixtures,  containing 10% C02, does not  cause 

an increased impulse rate i n  t h e  a f f e r e n t  f i b e r  of t h e  pulmonary 

branches of pneumogastric nerves ( K e l l e r  and Loeser, 1930; 

Pa r t r idge ,  1933). 

During t h e  i n s p i r a t i o n  of C02-enriched mixtures,  increased v e n t i l -  

a t i o n  l a g s  behind t h e  s h i f t  of a lveo la r  pressure of C02; apparent- 

l y  i t  sets i n  only when t h e  increased C02 pressure of t h e  blood 

begins t o  a f f e c t  t h e  arterial  chemoreceptors and t h e  r e s p i r a t o r y  

cen te r  (Read, et  al . ,  1964). 

Cordier and Heymans (1935) s t i p u l a t e d  t h a t  t h e  a lveo la r  content of Cop, 

wi th in  physiological  o r  even wi th in  pathophysiological l i m i t s ,  has no r e f l e x  

inf luence upon t h e  r e s p i r a t o r y  cen te r ,  and t h a t  t h e  s e n s i t i v e  endings of t h e  

vagus nerve i n  t h e  lungs can be s t imulated only by powerful chemical i r r i t a n t s .  

The s t imu la t ion  of t hese  receptors ,  during t h e  v a r i a t i o n  of t h e  composition of 
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t h e  in sp i r ed  a i r  can, without doubt, induce only l o c a l  r e f l e x e s ,  a f f e c t i n g  t h e  

con t ro l  of t h e  bronchial  lumen (Nissel, 1950), and t h e  pulmonary vessels (Dirk- 

en Heemstra, 1947-48; Cook, et al., 1963). 

It w i l l  b e  demonstrated i n  t h e  following t h a t ,  according t o  cu r ren t  data ,  

t h e r e  are apparent ly  no r ecep to r s  f o r  t h e  gas composition of t h e  blood i n  t h e  

vessels of t h e  pulmonary c i r c u l a t o r y  system. 

con t ro l  of t h e  i n t e r n a l  gas media of t h e  organism belongs t o  t h e  chemoreceptors 

of t h e  W i l l i s  c i rc le  , i .e.,  s inoca ro t id  and a o r t i c .  

Instead,  t h e  c r u c i a l  r o l e  i n  t h e  

* 

Aort ic  and S i n o c a r o t i d  Chemoreceptors . .. .. .~ 

I n  t h e  20th Century, J.F. Heymans and C. Beymans demonstrated t h e  existence 

of special sensing elements, adapted f o r  t h e  perception of v a r i a t i o n s  of t h e  

chemical composition of t he  blood. 

blood pressure and were discovered by Ludwig, Zion, and Gehring, t hese  sensing 

elements are loca ted  i n  t h e  w a l l  of t h e  arcus a o r t a e ,  as w e l l  as at t h e  ex te rna l /  

i n t e r n a l  b i f u r c a t i o n  of t h e  c a r o t i d  a r t e r y .  

Along wi th  baroreceptors ,  which r e g u l a t e  t h e  

A perfusion of t h e  cardiac-aort ic  region by acapnic o r  hypercapnic blood 

produced an i n h i b i t i o n  o r  s t imulat ion of t h e  r e s p i r a t o r y  center ,  r e spec t ive ly  

(Heymans and Heymans, 1927). 

turned out t o  b e  even more s i g n i f i c a n t  (Heymans and Bouckaert, 1930). It w a s  

found t h a t  when a donor dog, during a perfusion of t h e  vasoisolated c a r o t i d  

s inus ,  i n s p i r e s  mixtures containing 5 t o  10% CO t h e  r e c i p i e n t  dog displays 2' 
an acute  r e f l e x  r e s p i r a t o r y  s t imulat ion.  The same e f f e c t  w a s  observed when t h e &  

donor dog w a s  breathing ni t rogen or hydrogen. Denervation of t he  a o r t i c  o r  

s inoca ro t id  zones considerably reduced o r  completely eliminated t h e  hypoxic 

react ion:  some animals died from hyposidosis without any r eac t ion  from t h e  

r e s p i r a t o r y  center, o the r s  displayed (dyspnea) only at extreme s t a g e s  of hy- 

poxia (Heymans, et al., 1932). Thus, i t  w a s  e s t ab l i shed  t h a t  a f f e r e n t  nerve 

A similar response of t h e  c a r o t i d  s inus  zone 

-- . - - . - . _  - - -  ~ 

* 
Trans la to r ' s  Note: This is c i r c u l u s  a r t e r i o s i s  ce reb r i .  
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endings i n  s inoca ro t id s  are s t imulated by oxygen insu f f i c i ency  and excess of 

carbonic acid i n  t h e  c i r c u l a t i n g  blood. 

The ca ro t id  body (as w e l l  as t h e  a o r t i c  body) is a nodule (glomus) con- 

s i s t i n g  of chromaffine t i s s u e  and containing cavities which r ece ive  t h e  blood 

from t h e  t h i n  branch of t h e  c a r o t i d  a r t e r y .  
c a v i t i e s  are numerous nerve endings which r ece ive  t h e  chemical s t i m u l i  (DeCastro, 

1928, c i t e d  from Cordier and Heymans, 1935). The a f f e r e n t  f i b e r s  of s inoca ro t id  

receptors  form t h e  s inus  nerve,  o r  Hering nerve, which is  a branch of t h e  

IXth p a i r  (ramus ca ro t i cus  n.  glossopharyngei, s .  sinusvernus; Hering, 1923). 

The a o r t i c  body e m i t s  a f f e r e n t  f i b e r s  within t h e  a o r t i c  branch of t h e  pheumo- 

g a s t r i c  nerve (ramus a o r t i c u s  n. vag i ) .  

Under t h e  endothelium of t h e s e  

Phylogenesis and Ontogenesis. Chemoreceptors t h a t  are homologous 

t o  t h e  c a r o t i d  receptors  w e r e  discovered i n  the  area of branchial  ves se l s  of 

f i s h e s  and amphibia1 larvae (Kravchinskiy, 1945). There are numerous ind ica t ions  

supporting the  contention t h a t  t h e  o r i g i n  of t h e  r ecep to r s  of t h e  c a r o t i d  and of 

t he  a o r t i c  glomera of higher  animals is r e l a t e d  t o  t h e  evolut ion of ganglious 

t i s s u e  i n  the  area of branchial  v e s s e s l s  (Koch, 1931; Boyd, 1937, c i t e d  from 

Kravchinskiy, 1945; Bystrov, 1939, c i t e d  from Chemigovskiy, 1947; Chemigovskiy, 

1947, 1960; Vinnikov, 1958). The s t r u c t u r e  and funct ion of t h e  glomera i n  rep- 

t i l e s ,  b i r d s ,  and m a m m a l s  are approximately the  same (Heymans, 1958). Man does 

not represent  an exceptioii, n e i t h e r  with respect  t o  t h e  h i s t o l o g i c a l  s t r u c t u r e  

(Seto, 1935) nor with respect  t o  t h e  physiological  r o l e  of t hese  qormations. 

The l a t t e r  w a s  demonstrated on p a t i e n t s  who underwent neck surgery (Carls ten e t  

a l . ,  1958). 

Apparently, synocarotid chemoreceptors become ac t iva t ed  a t  t he  f e t a l  

s tage.  

t o  oxygen breathing a f t e r  a period of hypoxia. 

t h e  s inus  nerve (sinusnervus) i n  t h e  f e t u s  temporarily disappeared. Carbonic 

ac id  p re s su re  and hydrogen ion  concentrat ion i n  t h e  umbilical  venous blood, be- 

tween t h e  moment of b i r t h  and t h e  f i r s t  i n s p i r a t i o n  (i.e., for 30 t o  90 minutes) 

were d r a s t i c a l l y  increased; t h e  oxygen pressure w a s  reduced. In v i e w  of t h i s ,  

Cross and Malcolm (1952) reported on ges t a t ing  sheep who w e r e  t r ans fe r r ed  

A t  t h i s  moment, t h e  a c t i v i t y  of 
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t h e  chemoreceptive impulsation is important as a s t imu la to r  of t h e  first re sp i r -  

a to ry  motions a t  b i r t h  (Avery, et al . ,  1965; Hamed, e t  al . ,  1967). I n  f a c t ,  

t h e r e  exist r e p o r t s  on t h e  low a c t i v i t y  of chemoreceptors (Miller and Smull, 

1955), o r  else on t h e  reduced s e n s i t i v i t y  of t h e  r e s p i r a t o r i a l  cen te r  toward 

glomerogenic impulses i n  in fan t s .  However, o t h e r  au tho r s  (Davis and Mott, 

1958) found t h a t  arterial chemoreceptors i n  i n f a n t s  w e r e  funct ioning normally. 

Cross and Opp6 (1952) reported an increased of VRM i n  ch i ld ren  a f t e r o n e m i n u t e  

of breathing a mixture wi th  a 15% O2 content;  subsequent i n s p i r a t i o n  of pure 

oxygen r e s u l t e d  i n  a r ap id  drop of v e n t i l a t i o n .  These r eac t ions  were even more 

pronounced i n  ch i ld ren  than i n  a d u l t s ,  and undoubtedly account f o r  a full-scale 

funct ioning of t h e  chemoreceptor apparatus a l ready at e a r l y  p o s t n a t a l  s tage.  

- /89 

The Function of Chemoreceptors a t  Noma2 Oxygen Pressure in the 
Blood. 
of t h e  arterial system under normoxy cannot play any r o l e  whatsoever i n  r e sp i r -  

a t o r y  r egu la t ion ,  inasmuch as t h e i r  e x c i t a t i o n  threshold by hypoxic blood cor- 

responded t o  a P 

Comroe and Schmidt (1938) had previously assumed t h a t  t h e  chemoreceptors 

below 50 mm Hg. 
O2 

However, i n  t h e  opinion of most i n v e s t i g a t o r s  (Heymans, et al . ,  

1932; Gesell, 1939; Bemtha l ,  1944; and o t h e r s ) ,  arterial chemoreceptors a l ready 

become active a t  normal P . It w a s  reported t h a t  t h e  impulses i n  the  s inus  

nerve of a cat become no t i ceab le  when t h e  P p re s su re  i n  ar ter ia l  blood reaches 

80 t o  100 mm Hg (Euler, e t  a l . ,  1939; Hombein, e t  al., 1961. Dejours, et al., 

1958), s t i p u l a t e d  a chemoreceptor's s t imu la t ion  threshold as 170 mm Hg wi th  

r e fe rence  t o  arterial Po . 
i n sp i r ed  a i r .  

O2 

O2 

T h i s  is equivalent t o  a 33% oxygen content i n  t h e  
2 

Understandably, i f  t h e  blood's Po is above t h e  s t imulat ion thresh- 
2 

o ld  of chemoreceptors, t h e i r  a c t i v i t y  must disappear.  This assumption proved 

t o  be co r rec t .  When animals i n s p i r e  hyperoxic mixtures, t h e  electrical a c t i v i t y  

of t h e  c a r o t i d  body goes down (Landgrem and Zotterman, 1951). Oxygen inspira-  

t i o n  causes a t r a n s i e n t  decrease of pulmonary v e n t i l a t i o n  in animals and i n  

man. Af t e r  t h e  denervation of a o r t i c  and c a r o t i d  ref lexogenic  zones, t h i s  
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r eac t ion  is absent (Dripps and Comroe, 1947; Vayksleyger, et al., 1963; 

Dejours, 1963). Thus i n  t h e  terminology used by Dripps and Comroe, oxygen pro- 

duces a "physiological denervation" of t h e  chemoreceptors. 

From t h e  aforementioned facts, it 

t h e  arterial chemoreceptors are i n  a state of 

t h e  f a c t o r s  supporting t h e  performance of t h e  

level. 

appears t h a t  a t  normal P levels 

t o n i c  s t imu la t ion  which is one of 
r e s p i r a t o r y  center on a c e r t a i n  

O2 

The Role of Arterial  Chemorecepto~s i n  I l ypoxk  Reactions. Of utmost 

importance is  t h e  r eac t ion  of a o r t i c  and s inoca ro t id  chemoreceptors i n  t h e  ad- 

a p t a t i o n  of t h e  organism t o  oxygen insuff ic iency.  While t h e  i n s p i r a t i o n  of 

hypoxic mixtures under normal condi t ions causes an inc rease  of v e n t i l a t i o n ,  - 19 0 
depression of r e s p i r a t o r y  a c t i v i t y  w a s  observed during t h e  f i r s t  minutes of 

i n s p i r a t i o n  of such mixtures i n  animals with a chronic denervation of chemore- 

ceptors  (Wett, et al.,  1934; Chambers, et a l . ,  1947; Swieler, 1967; and others) .  

This is  n a t u r a l l y  accompanied by a 

t i o n  (Grant, 1951; B e l l e r ,  1958). 

considerable decrease of t h e  blood oxygena- 

The r o l e  of c a r o t i d  glomera, as necessary sensors  of oxygen insuf- 

f i c i ency ,  w a s  e x p l i c i t l y  demonstrated i n  experiments by F i t zge ra ld ,  et al .  (1964). 

The s inoca ro t id  zone of a dog w a s  i s o l a t e d  from general  c i r c u l a t i o n  and perfused 

with blood with high oxygen pressure (over 500 mm Hg) and low P (less than 

10 mm Hg). 

monary v e n t i l a t i o n  i n  t h e  animal, r a t h e r  than t h e  normally expected increase.  

O2 
The breathing of a hypoxic mixture produced a reduct ion of t h e  pul- 

Upon a chronic denervation of t h e  s inoca ro t id  chemoreceptors and 

a block of n. vagus, t h e  i n s p i r a t i o n  of a 10% O2 mixture does not  appear t o  

cause a c o n s t r i c t i o n  of t h e  r e s p i r a t o r y  tract ,  which is  t y p i c a l  f o r  hypoxia 

(Nadel and Widdicombe, 1962). Generally, chemoreceptor r e f l e x e s  provide f o r  

an inc rease  of VRM while  t h e  oxygen content in t h e  in sp i r ed  a i r  is  decreased 

t o  about 16%. This  mechanism is q u i t e  s t a b l e ;  i n  f a c t ,  i t  is r e t a ined  even 

under deep sedat ion (Comroe, et al., 1956). 

chemoreceptors a l s o  accounts for t h e  v e n t i l a t o r y  r e a c t i o n  of hypoxia during 

The s e n s i t i v i t y  of t h e  arterial 
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muscular a c t i v i t y  (Hombein and Roos, 1962). 

This is t h e  mechanism t h a t  supports t h e  Po level i n  blood; a reduct ion 
2 

of t h i s  l e v e l  is  an adequate s t imulant  of s inoca ro t id  and a o r t i c  chemoreceptors. 

I n  t h e  opinion of a number of i nves t iga to r s ,  t h e  oxygen supply of a r i ch ly -  

vascular ized t i s s u e  indeed s u f f e r s  when t h e  P level of t h e  blood is reduced. 

A t  t h e  same t i m e ,  arterial  chemoreceptors are almost i n s e n s i t i v e  t o  t h e  absolute  

content of blood oxygen which e s s e n t i a l l y  is t h e  governing f a c t o r  of gas ex- 

change i n  a l l  pe r iphe ra l  t i s s u e s  and organs. This is apparent from experiments 

involving l o s s  of blood or from experiments involving t h e  i n s p i r a t i o n  of a mix- 

t u r e  t h a t ,  as known, reduces t h e  percentage or oxyghemoglobin in’blood. With 

such hemic hypoxia, t h e  v e n t i l a t o r y  r e a c t i o n s  as w e l l  as an inc rease  of t h e  

s inoca ro t id  chemoreceptoral a c t i v i t y  of t h e  experimental animal are e i t h e r  

weakly pronounced, or t o t a l l y  absent (Comroe and Schmidt, 1938; Ardashikova 

and Shik, 1948; Duke et al . ,  1952; Homer, 1965). 

O2 

I n  a l l  i n s t ances  of oxyen in su f f i c i ency  i n  t h e  media and a decrease of 

oxygen pressure i n  blood, t h e  r e f l e x e s  of arterial chemoreceptors emerge as t h e  

most important mechanism of adequate r e a t i o n s  of t h e  respiratoTy system (Ardash- 

nikova, 1959, 1966) . 

The Sensi t iv i ty  of Arteria2 Chemoreceptors t o  Carbonic Acid. Do 

a o r t a l  and c a r o t i d e  chemoreceptors react t o  t h e  carbonic a c i d  level i n  t h e  

blood? - /91 

Haldane and Smith (1893, c i t e d  from Haldane and P r i e s t l e y ,  1935) 

found no r e l a t i o n s h i p  between t h e  inf luence of vagotomy upon t h e  onset  t i m e  of 

hyperpnoea i n  r a b b i t s ,  who were breathing a mixture wi th  a 20% concentration of 

C02. 

t o  v a r i a t i o n s  of carbon dioxide content i n  t h e  in sp i r ed  a i r  did not  change 

a f t e r  denervation, o r  a f t e r  the removal of t h e  c a r o t i d  body. It would the re fo re  

appear t h a t ,  under normal condi t ions,  a s t imu la t ion  of t h e  chemoreceptors of t h e  

arterial  tract by carbonic ac id  should no t  p a r t i c i p a t e  i n  breathing regulat ion.  

On t h e  b a s i s  of t h e s e  facts, Comroe (1939) assumed t h a t  chemoreceptors become 

G e m i l l  and Reeves (1933) reported t h a t  t h e  r e s p i r a t o r y  response of dogs 
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involved only at e x t r e m e  s t a g e s  of hypercapnia. 

Some f ind ings  i n d i c a t e  t h a t  a t  t h e  same time a v a r i a t i o n  of t h e  P 
* 2  

of t h e  blood, t h a t  perfuses  t h e  c a r o t i d  body, produces an almost instantaneous 

change of t h e  e l e c t r i c a l  a c t i v i t y  of t he  chemoreceptors; t h i s  change takes  

p l ace  without any no t i ceab le  adaptat ion (Saaman and S t e l l a ,  1935). Moreover, 

i t  was es t ab l i shed  t h a t  carbonic ac id  stimulates t h e  chemoreceptors under normo- 

capnic conditions (Gesell, et  a l . ,  1940; Euler and L i l e j e s t r a n d ,  1940-41). Ap- 

parent ly ,  t h e  s e n s i t i v i t y  threshold for arterial chemoreceptors i a  eqqivalent 

t o  a P of about 20 t o  30 mm Hg, i.e., it is somewhat below t h e  normal P 

of blood. 

by a l i n e a r  i nc rease  of t he  a f f e r e n t i a  from t h e  c a r o t i d  s inus  (Bartels and 

Witzleb, 1956; Krylov, 1966). 

* 2  c02 
An i nc rease  of carbonic ac id  pressure above t h i s  levei is  followed 

The i n i t i a l  v e n t i l a t i o n  inc rease  i n  cats, caused by t h e  i n s p i r a t i o n  

of a hypercapnic mixture, t akes  place p a r a l l e l  t o  t he  amplif icat ion of t h e  im- 

pu l sa t ion  in a f f e r e n t  f i b e r s  t h a t  innervate  t h e  c a r o t i d  glomus (Lei tner ,  e t  al . ,  

1965). test) increases 2 
t h e  pulmonary v e n t i l a t i o n  i n  dogs and cats a f t e r  5-10 seconds; another 5 sec- 

onds l a te r  t h e  v e n t i l a t o r y  response reaches its maximum (130% compared t o  t h e  

i n i t i a l  v e n t i l a t i o n ) .  After denervation of t h e  s inoca ro t id  zone, t h i s  e a r l y  

hyperpnoea is  no t  observed. 

15 seconds), on account of t h e  c e n t r a l  a c t i o n  of t h e  carbonic acid\ (Bouverot, 

et  al., 1961, 1963, 1965; Dejours, 1963; Colard, et al.,  1965; Florez and 

Borison, 1967). 

The i n s p i r a t i o n  of 1-2 volumes of 6% C02 mixtures (CO 

VRM inc reases  s luggishly and la te  (more than after 

Consequently, t h e  arterial  chemoreceptive mechanism a l s o  p a r t i c i -  

pa t e s  i n s u s t a i n i n g t h e  constancy of P 

t i c u l a r l y  important i n  r eac t ions  involving r ap id  changes of Pco 

(Dutton, et  al.,  1967). However, when P i n  arterial  blood is  s u f f i c i e n t l y  

high, t h e  i s o l a t e d  e f f e c t  of carbonic ac id  and hydrogen ions  upon t h e  chemo- 

r ecep to r s  of t h e  c a r o t i d  region is apparently i n s i g n i f i c a n t ,  when compared t o  

i n  t h e  blood. This mechanism is par- 
c02 

i n  t h e  blood 
2 

O2 
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t h e  c e n t r a l  inf luences (Katsaros and Loeschke, 1964; Katsaros,  1965). 

Some recent  discussions involved t h e  rhythmic o s c i l ?  a+fons of P 
co2 

and Po 

a t t r i b u t e d  t o  these  o s c i l l a t i o n s  an  important r o l e  i n  t h e  r e f l e x  s t imu la t ion  of 

arguing t h a t  arterial chemoreceptors are considerably more s e n s i t i v e  t o  i n t e r -  

m i t t e n t  than t o  constant s t imulat ion.  However, some r e c e n t l y  published s t u d i e s  

demonstrate t h a t  v e n t i l a t i o n  is maintained on a level which is equivalent  t o  

t h e  average a lveo la r  P 

ties between i n s p i r a t i o n  and exp i r a t ion  (Cunningham, et  al.,  1965). 

i n  blood t h a t  are r e l a t e d  t o  t h e  r e s p i r a t o r y  cycle.  Several authors  
2 

and Po , r ega rd le s s  of t h e  v a r i a t i o n  of t h e s e  quanti- 
2 

The PhysioZogicaZ Mechanism of Arteria2 Ch"refzexes. 
ons t r a t ed  t h a t  a o r t i c  and c a r o t i d  chemoreceptors react above a l l  t o  oxygen in- 

su f f i c i ency  i n  t h e  c i r c u l a t i n g  blood. 

c i r c u l a t e s  through t h e  vessels of t h e  glomus t i s s u e  (2 liters/minute/lOO grams 

of t i s s u e ) ;  hence t h e  venous P 

time, t h e  c a r o t i d  body has a very low oxygen consumption, i.e., 9 ml/minute/100 

grams of t i s s u e  (Daly, et al., 1954). It w a s  assumed t h a t  chemoreceptor stimu- 

l a t i o n ,  r e l a t e d  t o  oxygen insu f f i c i ency ,  is  caused by t h e  imbalance of t h e  oxy- 

genation metabolism of t he  glomus t i s s u e ,  possibly produced by a n a t u r a l  trans- 

m i t t e r  - acetylchol ine ( J o e l s  and N e i l ,  1962). 

It w a s  dem- 

A very considerable  quan t i ty  of blood 

here  is c l o s e  t o  t h e  arterial. A t  t h e  same 
O2 

* 

A l o c a l  oxygen insu f f i c i ency  may b e  caused no t  j u s t  by t h e  decrease 

of its pressure i n  t h e  blood, bu t  a l s o  by a decrease of t he  blood supply t o  t h e  

glomera. I n  f a c t ,  t h e r e  is  an acu te  gain i n  electrical  a c t i v i t y  of t h e  chemo- 

receptor  f i b e r s  when t h e  blood flow i n  t h e  c a r o t i d  s i n u s  is reduced (Floyd and 

H e i l ,  1952; N e i l ,  1961), and when arterial blood p res su re  is lowered (Bjursted 

and Hesser, 1942, et al.). Chemoreceptors a l s o  become more active when the  

temperature of t h e  c i r c u l a t i n g  blood goes up (Bemtha l  and Weeks, 1939; Witzleb, 

1952; Eyzaguirre and Lewin, 1961); t h i s  can be explained by t h e  increased 

- ._ - * 
Trans la to r ' s  note: Acetylcholine s t r u c t u r a l  formula is 

CH3 CO 0 C2H4 N(CH3)30H 
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4 
B 

oxygen requirement of t h e  glomus t i s s u e .  

W e  s a w  t h a t  arterial  chemoreceptors are a l s o  s t imulated by carbonic 

acid.  I n  this respect ,  t h e  r e l a t i o n s h i p  between carbonic ac id  and hydrogen ion 

concentration of t h e  blood (Zotterman, 1935; and o the r s )  is of g r e a t  s ignif icance,  

even though some authors  hold t h a t  P and C stimulate t h e  chemoreceptors in- 

dependently of each o the r  ( Joe l s  and N e i l ,  1960; Lebedeva, 1965). I n  any event, 

oxygen insu f f i c i ency  and hydrocarbonic a c i d  excess are p o s i t i v e l y  i n t e r a c t i n g  

s t i m u l i  f o r  chemoreceptors. This w i l l  be  discussed i n  some d e t a i l  he rea f t e r .  

H 

Most i n v e s t i g a t o r s  feel t h a t  t h e r e  exist spec ia l i zed  nerve endings 

t h a t  are s e n s i t i v e  e i t h e r  t o  an excess of carbonic ac id  and hydrogen ions,  o r  

t o  oxygen insuff ic iency (Winter, 1942; and o the r s ) .  This contention is supported 

by t h e  s t imulat ion of d i f f e r e n t  a f f e r e n t  f i b e r s ,  depending on which of t h e  agents  

is a c t i n g  upon t h e  receptors  (Heymans and N e i l ,  1958). It a l s o  is assumed t h a t  

t h e r e  are two types of chemoreceptors: 

t h e  media and by acetylchol ineunder  extreme conditions,  whereas o the r s  are 

s t imulated by oxygen insu f f i c i ency ,  i.e., a t h r e a t  t o  t h e  energy balance of t h e  

t i s s u e s  (Krylov, 1963). There is a l s o  a school of thought t h a t  holds  t h a t  t h e  

r ecep to r s  are of a uniform na tu re ,  and react upon oxygen insu f f i c i ency  as w e l l  

as upon s h i f t s  of P and t h e  pH of t i s s u e  ( J o e l s  and N e i l ,  1962). Thus, 

Eyzaguirre and Koyano (1965) observed t h e  a c t i v a t i o n  of t h e  chemoreceptors of 

t h e  ca ro t id  body of a cat in v i t r o  by oxygen insu f f i c i ency ,  by excess of car- 

bonic ac id  and by t h e  a c i d i t y  of t h e  media, as w e l l  as by a decreased cu r ren t  

of t h e  c i r c u l a t i n g  so lu t ion .  Analysis of t h e  b iocu r ren t s  of a s i n g l e  chemore- 

ceptor  f i b e r  i n d i c a t e s  t h a t  t h e  overwhelming majori ty  of such f i b e r s  are acti-  

vated by any form of s t imulant .  The authors hold t h a t  an adequate s t imulat ion 

causes, i n  t u rn ,  a r e l e a s e o f  s p e c i f i c  agents  from t h e  glomus cel l ;  t hese  c e l l s ,  

i n  t u r n ,  stimulate a t r i g g e r  r e a c t i o n  of t h e  sensory f i b e r  which takes  p l ace  

according t o  t h e  l a w  "all. o r  nothing". 

some are s t imulated by t h e  a c i d i t y  of 

- 19 3 

c02 

It is q u i t e  conceivable t h a t  t he  same f i n i t e  l i n k  p a r t i c i p a t e s  in t h e  

s t imu la t ion  mechanism of chemoreceptors, r ega rd le s s  of t h e  f a c t o r s  t h a t  cause 

t h e  Stimulation. A common factor i n  t h e  r e a c t i o n  to  a v a r i e t y  of chemical 
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st imulants  is  t h e  depo la r i za t ion  of r ecep to r  terminals.  V.A. Lebedeva (1965) 

reached t h i s  conclusion upon anaIyzing experimental d a t a  regarding a complex 

problem on t h e  n a t u r e  of chemical s e n s i t i v i t y  i n  general  and t h e  recept ion of 

carbonic ac id  i n  p a r t i c u l a r ;  i nc iden ta l ly ,  t h i s  problem is  s t i l l  f a r  from being 

solved. V.N. Chernigovskiy (1947, 1960) holds  t h a t  agents such as oxygen in- 

su f f i c i ency ,  excess of carbonic ac id ,  hydrogen ion  concentrat ion,  and cyanides 

a c t  upon chemoreceptors by changing t h e  metabolism of t h e  t i s s u e  c e l l s .  This is  

supported by experiments, involving t h e  blocking of r ecep to r s  by sodium f l u o r i d e  

o r  monoiodoacetic acid;  morphological d a t a  a l s o  appear t o  support t h i s  conten- 

t i on .  As opposed t o  pressorecept ive endings, t h e  chemoreceptive ending (includ- 

ing those i n  t h e  c a r o t i d  s inuses)  are n o t  l oca t ed  i n  t h e  vascular w a l l ,  b u t  i n  

t h e  cel ls  of t h e  corresponding p a r t s  (Lavrent'yev, 1943). 

Extremely important are t h e  d a t a  by M.L. Belen'kiy who demonstrated t h a t  * 
chemoreceptive cel ls  are st imulated when t h e  catabolism of a macroerg of ATP 
i n  the t i s s u e  of a ca ro t id  glomus predominates over i ts  resynthesis .  I n  t h e  

l i g h t  of t hese  f ind ings ,  impulsation from t h e  glomera acts l i k e  a s i g n a l  warning 

about t h e  danger of overconsumption of t h e  energy resources  of t h e  t i s s u e s  

(Belen'kiy, 1952; Anichkov and Belen'kiy, 1962). 

Such i s  t h e  important and va r i ed  r o l e  of a o r t i c  and p a r t i c u l a r l y  sinocaro- 

t i d  chemoreceptors. It i s  hardly s u r p r i s i n g  t h a t  e l iminat ion of t hese  receptors  

(removal, denervation, cold block) not  only deprives  t h e  organism of t h e  capa- 

b i l i t y  t o  r e g u l a t e  blood and t i s s u e  oxygenation, including t h a t  of t h e  b ra in ,  

with s u f f i c i e n t  responsiveness (Beller, 1958; Grechishkin, 1964; Krylov, 1966), 

but  a l s o  reduces pulmonary v e n t i l a t i o n  and br ings  about a general  depression of 

t h e  physiological funct ions ( G e s s e l ,  et al., 1940; Belen'kiy, 1952). - I94 

. .  * 
Trans la to r ' s  Note: adenosin = e tr iphosphate.  
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Chemoreceptors of Per ipheral  Vessels, Tissues,  and of the Venous Channel 

A r e  t h e r e  devices t h a t  record t h e  pressure of oxygen and of carbonic acid 

i n  o the r  areas of t h e  vascular system (outs ide of t h e  a o r t i c  and s inoca ro t id ) ,  

as w e l l  as i n  body t i s sues?  

Inasmuch as the  composition of mixed venous blood t o  a c e r t a i n  extent  de- 

pends on t h e  energy metabolism of t h e  organism, Zuntz and Heppert (1886) i n  t h e  

19th century suggested t h e  ex i s t ence  of s p e c i a l  receptors  i n  t h e  r i g h t  h e a r t  

and i n  t h e  pulmonary a r t e r y  which r e g u l a t e  t h e  funct ions of r e s p i r a t o r y  and 

vasomotor centers .  Subsequently, a hypothesis w a s  advanced suggesting t h e  

exis tence of so-called "metaboreceptors" which perceive t h e  contents of metabolic 

products i n  t h e  blood and p a r t i c i p a t e  i n  r e s p i r a t o r y  regulat ion.  

parent ly  supported by experiments with cross-blood c i r c u l a t i o n  i n  dogs and by 

the  introduct ion of 2,4-dinitrophenol i n t o  t h e  i s o l a t e d  rear extremity of t h e  

This w a s  ap- 

neural" animal which produced an inc rease  of v e n t i l a t i o n  i n  both animals I1  

(Ramsay, 1959). 

and t h e  r e sp i r a to ry  cen te r  are disrupted,  t h e  v e n t i l a t o r y  response t o  muscular 

a c t i v i t y  decreases (Kao et a l . ,  1963). Some i n v e s t i g a t o r s  pointed out t h a t  

when man i s  t r ans fe r r ed  t o  breathing a hypercapnic mixture, t h e  complete vent i -  

l a t o r y  r eac t ion  is  delayed by two minutes as compared t o  an inc rease  of t h e  

a lveo la r  P . This w a s  explained by t h e  f a c t  t h a t  t h e  r e s p i r a t o r y  response is  

predicted on a gradual i nc rease  of P , p a r t i c u l a r l y  i n  mixed venous blood. An 

important argument i n  favor of t h e  ex i s t ence  of venous chemoreceptors is  t h e  

exact p ropor t iona l i t y  between t h e  v e n t i l a t i o n  levels and venous P 

blood is a r t i f i c i a l l y  enriched by carbonic ac id ,  as w e l l  as during moderate 

muscular a c t i v i t y  (Yamamoto and Edwards, 1960). No such r e l a t i o n s h i p  w a s  ob- 

served between v e n t i l a t i o n  and ar ter ia l  P . Using t h i s  mechanism, some 

authors attempted t o  explain c e r t a i n  questionable elements i n  r e s p i r a t o r y  regu- 

l a t i o n ,  p a r t i c u l a r l y  during muscular a c t i v i t y  (Dutton et  al . ,  1960; Riley et 

a l . ,  1961). Glomus islet-cell t i s s u e ,  comparable t o  corresponding formations 

of a o r t i c  and s inoca ro t id  zones, w a s  discovered i n  ve ins  (Krage, 1962). 

islets were discovered i n  t h e  pulmonary a r t e r y  (Heymans, 1934; Elftman, 1943; 

Indeed, when t h e  neu ra l  bonds between t h e  working extremity 

co2 

co2 

, when 
c02 

co2 

Similar  
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, Boyd, 1961). Again, t h e  assumption w a s  made t h a t  chemoreceptors i n  t h e  pulmon- 

a r y a r t e r y r e g u l a t e  t h e  a c t i v i t y  of t h e  r e s p i r a t o r y  center ,  responding t o  t h e  

composition of t h e  mixed venous blood (Armstrong et al., 1961). 

However, as of now, t h e r e  is no d i r e c t  evidence of t h e  ex i s t ence  of t h e s e  

chemoreceptors. Ri ley e t  al.,  (1963) and P a i n t a l  and Riley (1966) submit a 

se r ious  argument a g a i n s t  t h e  exis tence of a d i r e c t  perception of t h e  gas compo- /95 
s i t i o n  of venous blood. Thus, impulses i n  a s i n g l e  chemoreceptive f i b e r  of t h e  

a o r t i c  nerve were r e g i s t e r e d  i n  a cat. 

r ecep to r s  on account of increaseddischarges during asphyxia. 

n i c o t i n e  i n t o  t h e  r i g h t  h e a r t  o r  i n t o  t h e  r o o t  o f  t h e  a o r t a ,  t h i s  impulsation 

notably increased. Judging from t h e  latent per iod of t h i s  r eac t ion ,  a l l  f i b e r s  

o r i g i n a t e  from t h e  arteries of t h e  g r e a t e r  c i r c u l a t o r y  system, r a t h e r  than from 

t h e  r i g h t  h e a r t  o r  t h e  pulmonary a r t e r y .  Riley at tempts  t o  explain t h e  p a r a l l e l -  

i s m  between t h e  v e n t i l a t i o n  and t h e  venous P 

hypothesis of r e s p i r a t o r y  r egu la t ion  under the  in f luence  of t h e  o s c i l l a t i o n s  of 

arterial Pco 

ing  muscular a c t i v i t y ) .  

These f i b e r s  w e r e  i d e n t i f i e d  as chemo- 

Upon introducing 

by r e f e r r i n g  t o  t h e  aforenamed 
c02 

which, i n  t u r n ,  depend on t h e  mixed venous P ( p a r t i c u l a r l y  dur- 
2 c02 

The extreme s i g n i f i c a n c e  of pe r iphe ra l  "metaboreceptors" i n  t h e  regulat ion 

of r e s p i r a t o r y  a c t i v i t y  has been obviously q u i t e  exaggerated. 

w i th  the  perfusion of a vascu la r ly  i s o l a t e d  extremity,  asphyxia of the donor 

animal d id  not cause hyperpnoea of t h e  "neural" animal (Comroe and Schmidt, 

1943; Iaria et al. , 1959) , whereas t h e  p o s i t i v e  results obtained by Ramsay, 

using t h e  same methods, were explained as a consequence of l o s s  of blood, r a t h e r  

than t h e  r e s u l t  of s t imu la t ion  of s p e c i f i c  chemoreceptors (Bailen and Howath, 

1959). 

should have accummulated t h a t  w a s  expected t o  b e  q u i t e  adequate f o r  t h e  stimu- 

l a t i o n  of t h e  hypothet ic  chemoreceptors, w a s  no t  accompanied by any v a r i a t i o n s  

o f  breathing i n  man (Asmussen et  a l . ,  1943). Dejours et a l . ,  (1955) performed 

t h e  following experiment: A t  t h e  end of muscular legwork by m a n ,  c i r c u l a t i o n  i n  
t h e  femoral vessels w a s  i n t e r rup ted  and, af ter  two minutes, suddenly restored.  

After 18 seconds, t h e  sub jec t  showed an unexpected inc rease  of t h e  v e n t i l a t i o n  

which w a s  always preceded by a drop i n  t h e  s a t u r a t i o n  o f  t h e  arterial blood 

I n  experiments 

Ischemia of t h e  extremities, where a quan t i ty  of metabolic products 
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measured by an a u r a l  oxymeter. Ischemic hypoxia of o t h e r  organs has  no e f f e c t  

upon r e s p i r a t i o n  e i t h e r  (Ardashnikova, 1965). No e f f e c t s  w e r e  obtained even 

with t h e  introduct ion of moderate concentrat ions of a c i d s  and alkalis i n t o  vena 

femoral is  (Heymans et a l . ,  1932; Schmidt and Comroe, 1940). In those in s t ances  

when these  agents  d id  change r e s p i r a t i o n ,  t h e  causes may have been pain s t i m u l i  

o r  non-physiological concentrat ions of t h e  introduced substances (Dejours, 1962). 

A t  t h e  same t i m e ,  i t  can b e  assumed t h a t  l o c a l  chemical s h i f t s  i n  working 

muscles inc rease  t h e  s e n s i b i l i t y  of mechanoreceptors which, i n  turn,  affect res- 
p i r a t i o n  (Dejours et al., 1957; Bessour e t  a l . ,  1959). Here, w e  should t a k e  

i n t o  account t h e  general  property of i n t e ro recep to r s  t o  raise t h e i r  i r r i t a b i l i t y  

a t  c e r t a i n  s t ages  of hypoxia (Pozdnyakova, 1963). 

Contributions by V.N. Chemigovskiy (1947, 1960) and by h i s  co l l abora to r s  

(Lebedeva, 1964, e t  al .) ,  deal ing with t h e  perfusion of d i f f e r e n t  i n t e r n a l  

organs, demonstrated t h a t  t h e  pe r iphe ra l  vascular  network has an  abundance of 

chemoreceptors which are i n  many ways s i m i l a r  t o  t h e  c a r o t i d  and a o r t i c ,  even 

though they are more s e n s i t i v e  t o  carbonic ac id  than t o  oxygen insuff ic iency.  

However, i n  v i e w  of t h e  low i r r i t i a b i l i t y  (Stegeman and Bsning, 19611, and a 

long l a t e n t  period, it would appear t h a t  t hese  l o c a l  chemoreceptors most l i k e l y  

play a r o l e  i n  t h e  r egu la t ion  of l o c a l  processes only (Sergiyevskiy, 1967). 

, - /9 6 

The - -.- Immediate . Chemical - S e n s i t i v i t y  -_ - - - of t h e  - . Respiratory -. Center 

Rosenthal (1862) w a s  t h e  f i r s t  t o  demonstrate t h e  ex i s t ence  of  a c l o s e  

r e l a t i o n s h i p  between t h e  act ivi ty-of  t h e  r e s p i r a t o r y  cen te r  of t h e  myelencephalon 

and the  chemical composition (venosity) of t h e  blood c i r c u l a t i n g  through t h e  

b ra in .  According t o  Geppert and Zuntz (1888), c i t e d  by Cordier and Heymans 

(1935), a neurotomy of t h e  conductors between working muscles and t h e  myelen- 
cephalon does not a f f e c t  t h e  r e s p i r a t o r y  response t o  muscular work. However, 

t h i s  response disappears i f  t h e  working muscles are excluded from t h e  general  

- blood c i r c u l a t i o n .  I n  Fredericq 's  experiments (1901), c i t e d  by Haldane and 

P r i e s t l e y  (1935), animal heads w e r e  subjected t o  cross-circulat ion;  when t h e  

donor-animal. w a s  exposed t o  oxygen s t a r v a t i o n ,  t h e  r e c i p i e n t  displayed dispnoea 
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symptoms, and even convulsions, whereas t h e  donor w a s  more inc l ined  Lo apnoea. 

However, i n  t h i s  experiment t h e  chemoreceptors (as y e t  unknown) may have played 

a s i g n i f i c a n t  r o l e ,  i n  add i t ion  t o  t h e  r e s p i r a t o r y  center .  

Lindhard (1912), c i t e d  from Vayksleger and Yeremenko (1964), s t i p u l a t e d  

t h e  inverse r e l a t i o n s h i p  between t h e  s e n s i t i v i t y  of t h e  r e s p i r a t o r y  cen te r s  and 

t h e  oxygen blood pressure.  Later, however, it became apparent t h a t  carbonic 

acid,  r a t h e r  than oxygen, plays the  predominant r o l e  i n  t h e  chemical s t imulat ion 

of t h e  r e s p i r a t o r y  center .  Bersques (1953), c i t e d  from Sergiyevskiy and Ivanov 

(1961), demonstrated t h a t  oxygen, dissolved i n  ce reb rosp i r a l  f l u i d ,  has no e f f e c t  

upon r e s p i r a t o r y  o r  upon vasometric centers .  

Hooker et  a l .  , (1917) c i t e d  by Cordier and Heymans (1935), perfused 

t h e  myeloencephalon using defibltinized blood with t h e  same pH, bu t  d i f f e r e n t  

. H e  w a s  a b l e  t o  e s t a b l i s h  t h a t  blood, equalized by 5% C02, increases  pul- pco2 
monary v e n t i l a t i o n .  It w a s  assumed (Winterstein,  1921; Gesell, 1929; Cordier 

and Heymans, 1935) t h a t  carbonic ac id  has no d i r e c t  i n f luence  upon t h e  respira-  

t o r y  center ,  i.e., t h e  work of t h e  cen te r  is regulated i n  accordance with t h e  

active reac t ion  i n  i ts  cells,  possibly as a result of t h e  d i r e c t  inf luence of 

hydrogen ion  concentrat ion of t h e  blood (Hanus et al., 1944). Direct experi- 

m e n t s  (Katz et al., 1963; and o the r s )  l ead  us  to b e l i e v e  t h a t  t h e  v a r i a t i o n s  

of both pH and P i n  t h e  r e s p i r a t o r y  cen te r  do indeed a f f e c t  t he  v e n t i l a t i o n .  
c02 

What is t h e  s p e c i f i c  a c t i o n  mechanism of t h e s e  chemical f a c t o r s ,  as i t  
According t o  Haldane and P r i e s t l e y  a f f e c t s  t h e  work of r e s p i r a t o r y  centers?  

(1935), t h e  chemical inf luences upon t h e  r e s p i r a t o r y  c e n t e r s  de f ine  t h e  degree 

of pulmonary extension when theHering-Breuer r e f l e x e s  set i n ;  they a l s o  regu- 

la te  t h e  s t r e n g t h  and rate of i n s p i r a t i o n  and a sp i r a t ion .  2.1. Frankstein and 

Z.N. Sergeyeva appropr i a t e ly  pointed out t h a t  " the e s s e n t i a l  f a c t o r  i n  t h e  

Hering-Breuer r e f l e x e s  is t h a t  they are aimed a t  a prevention of t h e  d i s rup t ion  

of t h e  gas composition of t h e  blood" (1966:194). 

s t a n t i v e  r o l e  i n  providing t h e  rhythmic n a t u r e  of t h e  r e s p i r a t o r y  cen te r  activ- 

i t y ;  in  t h e  hypocapnic state, i n t e r m i t t e n t  impulsation i n  t h e  f i b e r s  of t h e  

diaphragm nerve is changed t o  continuous pulsat ion.  

19, 

Carbonic ac id  plays a sub- 
- 

I 

Priban (1962) holds t h a t  
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ar ter ia l  carbonic ac id  e s s e n t i a l l y  a f f e c t s  t h e  s p e c i f i c  i n h i b i t i n g  neurons which, 

i n  tu rn ,  change t h e  a c t i v i t y  of t h e  r e s p i r a t o r y  center .  I n  f a c t ,  hypercapnia 

reduces t h e  neuron s e n s i t i v i t y  of t h e  r e s p i r a t o r y  cen te r  (Gesell and Moyer, 

1935). According t o  Barkroft ' s  formulation, carbonic ac id  el iminates  t h e  inhi-  

b i t i o n ,  r a t h e r  than a c t i v e l y  s t imu la t ing  t h e  r e s p i r a t o r y  centers .  Indeed, car- 

bonic acid and comparable b u f f e r  s o l u t i o n s  depress t h e  impulsations when they 

act upon nerve f i b e r s .  

longata,  they cause breathing delay (Carpenter, 1963). 

When appl ied t o  t h e  r e t i c u l a r  formation of medulla ob- 

Banus et  a l . ,  (1944) assumed t h e  exis tence of two d i f f e r e n t  systems i n  

the  r e s p i r a t o r y  cent'er zone: 

bonic acid,  t h e  o the r  zone r eac t ing  t o  r e f l e x  impulses received in t h e  cen te r .  

Under narcosis ,  t h e  mechanism t h a t  is s e n s i t i v e  t o  carbonic ac id  is turned o f f ,  

whereas t h e  r e f l e x  mechanism continues t o  funct ion.  

one t h a t  reacts upon i n t r a c e l l u l a r  s h i f t s  of car- 

Thus, i t  can be concluded t h a t  t h e  r e sp i r a to ry  cen te r s  have an immediate 

s e n s i t i v i t y  t o  carbonic acid and t o  hydrogen ion  cancentrat ion.  The in f luence  

of these f a c t o r s  upon t h e  operat ion of t h e  cen te r  is  of a complex n a t u r e  and is 

predicated on t h e  c h a r a c t e r i s t i c  r e l a t i o n s h i p s  between its func t iona l  elements. 

A t  t he  present time, it  is sti l l  d i f f i c u l t  t o  d i f f e r e n t i a t e  between t h e s e  rela- 

t ionsh ips  and t h e  funct ions of o t h e r  chemosensitive s t r u c t u r e s  of t h e  b r a i n  

which are mostly located i n  d i r e c t  proximity t o  t h e  r e sp i r a to ry  cen te r  and were 
invest igated only within recent  years.  

." Specif ic  Chem-osensitive Brain S t ruc tu res  

The presence of chemosensitive zones i n  the  b r a i n  w a s  proven by observing 
' 

t h e  e f f e c t s  of l o b e l i n  and sodium cyanide upon r e s p i r a t i o n .  The in t roduc t ion  

of t hese  preparat ions i n t o  t h e  IVth c e r e b r a l  v e n t r i c l e  produces a decrease of 

t h e  r e s p i r a t i o n  volume (Beckaert and Leusen, 1950), whereas a subocc ip i t a l  in- 
j e c t i o n  produces t h e  opposi te  e f f e c t  (Winterstein and Wiemer, 1959). A perfusion 

of t h e  I V t h  v e n t r i c l e  by v e r a t r i d i n  - e a l s o  inc reases  pulmonary v e n t i l a t i o n  

(Loeschcke and Koepchen, 1958). 
- / 9 8  



Ill11 IIIIII I I1 

Numerous inves t iga t ions  appear t o  i n d i c a t e  t h e  exis tence of s p e c i f i c  

zones i n  t h e  b r a i n  t h a t  are s e n s i t i v e  t o  carbonic a c i d  and t o  hyrogen ion 
concentration. 

Based on t h e i r  experiments, E u l e r  and Soederberg (1952) concluded t h a t  

t h e  centrogenic effect of carbonic ac id  cannot b e  explained by a d i r e c t  inf luence 

upon t h e  neurons of t h e  r e sp i r a to ry  cen te r ,  bu t  r a t h e r  by a s t imulat ion of t h e  

t r u e  receptors ,  i.e., t h e  first medullar neurons. The i n s p i r a t i o n  of a 10% C02 

mixture activates t h e  neurons of t h e  r e t i f o r m  formation, even when a f f e r e n t  in- 

f luences are absent (Bonvallet et al.,  1956). Several  i n v e s t i g a t o r s  (Loeschcke 

and Koepchen, 1957; Loeschcke e t  al., 1958; Loeschcke, 1960; M t c h e l l  "e t  al., 
1963; Loeschcke, 1965) demonstrated t h a t  t h e  perfusion of t h e  I V t h  v e n t r i c a l  of 

B cat's b r a i n  by s o l u t i o n s  wi th  a low pH o r  high P 

s h i e l d s  sa tu ra t ed  by t h e  same so lu t ions  t o  t h e  v e n t r i c l e ' s  w a l l s  con t r ibu te s  t o  

t h e  animal's v e n t i l a t i o n  on account of t h e  incrgasejd . -  breathing volume. Appar- 

en t ly ,  t h e  lateral su r face  of t h e  medulla oblongata is t h e  chemosensitive zone. 

Presumably, t h e  chemoreceptors are loca ted  c l o s e  t o  t h e  s o f t  meninx, o r  i n s i d e  

of it, and react t o  hydrogen i o n  concentrat ion i n  t h e  cerebrospinal  f l u i d .  

Chemosensitive zones were a l s o  discovered i n  t h e  diencephalon area (Masland and 

Yamamoto, 1962). 

, o r  t h e  app l i ca t ion  of 
m2 

From t h e s e  s p e c i f i c  b r a i n  areas, t h e  information is  forwarded t o  t h e  my- 

elencephal ic  r e s p i r a t o r y  cen te r  proper (Comroe, 1967). W e  could assume t h a t  a 

c e r t a i n  concentration of hydrogen ions (as w e l l  as a c e r t a i n  concentration of 

carbonic a c i d ) ,  while s t imulat ing the  b r a i n ' s  chemoreceptors, e l iminates  t h e  - 
continuous s t imulat ion of t h e  i n s p i r a t o r y  p a r t  of t h e  r e s p i r a t o r y  cen te r  (Mar- 

shak, 1961). Moreover, i n  conjunction with a d i r e c t  i n f luence  upon t h e  cen te r  

(as w e l l  as a f f e r e n t a t i o n  from arterial chemoreceptors), i t  a l s o  r egu la t e s  t h e  

r e sp i r a to ry  volume. Indeed, t h e r e  e x i s t s  a d i r e c t  c o r r e l a t i o n  between t h e  ven- 

t i l a t i o n ,  on one hand, and the  CH and P 

o the r  hand (Michel and Kao, 1964). 

i n  non-narcotized animals (Pappenheimer et  al., 1965). 

w\ 

* 

of t h e  cerebrospinal  f l u i d ,  on t h e  
c02 

This r e l a t i o n s h i p  is p a r t i c u l a r l y  pronounced 
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B P 

Some authors  (Heisey, et  al.,  1964) hold t h a t  about 40% of t h e  v e n t i l a t o r y  

r e a c t i o n  t o  carbonic ac id  is produced by th'eincreasedhydrogen ion  concentration 

of t h e  cerebrospinal  f l u i d ,  whereas 60% is produced by t h e  e f f e c t  of t h e  same 

agents upon t h e  pe r iphe ra l  chemoreceptors ( ca ro t id  and a o r t i c ) ,  and upon t h e  

r e s p i r a t o r y  cen te r  d i r e c t l y .  Other i n v e s t i g a t o r s  ( M t c h e l l ,  1966) suggest t h e  

opposi te  r e l a t ionsh ip .  It must b e  kept  i n  mind t h a t  during the  i n s p i r a t i o n  of 

a hypercapnic mixture, t h e  gain of P i n  t h e  l i q u o r  t akes  p l ace  considerably 

later and slower t h k  i n  blood (Bradley and Semple, 1962). A d i r e c t  i on  pene- 

t r a t i o n  from t h e  cerebrospinal  f l u i d  t o  t h e  f i r s t  r e s p i r a t o r y  neurons.of t h e  

reticular formation is a l s o  conceivable (Semple, 1965). 

/99 
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Some authors construe chemoreceptors of t h e  ven t ro - l a t e ra l  p a r t  of t h e  

medulla oblongata as only one of t h e  c e n t r a l  mechanisms responding t o  t h e  vari- 
a t i o n  of hydrogen ion , concen t r a t ion  i n  t h e  i n t e r i o r  (Cozine and Ngai, 1967), o r  

completely deny t h e  r d l e  of l i q u o r  i n  t h e  primary s t imu la t ion  of t h e  r e s p i r a t o r y  

cen te r  under . the inf luence of carbonic ac id  (Heymans et al., 1965). 

M.V. Sergiyevskiy a l s o  holds  t h a t  t h e  argument i n  favor  of t h e  "central" recept- 

o r s  is not convincing. 

However, w e  f e e l  t h a t  t h e  ex i s t ence  of s p e c i f i c  chemosensitive zones of 

t h e  b ra in  and t h e i r  important r o l e  i n  hypercapnia r eac t ions  has  been supported 

by s u f f i c i e n t l y  r e l i a b l e  experimentation. 

ComparativeEvaluation - - .- . -  of Various-Structures  - .. i n  t h e  Perception of 

G a s  Composition 

It follows from the  preceding review t h a t  t h e  existence of two p r i n c i p a l  

groups of systems, s e n s i t i v e  t o  oxygen andcarbonic a c i d  p re s su re  and p a r t i c i p a t -  

ing i n  r e s p i r a t i o n  con t ro l ,  has been establ ished:  

(1) arter ia l  chemoreceptors of t h e  a o r t a l  arch,  p a r t i c u l a r l y  

c a r o t i d  s inuses;  

r e s p i r a t o r y  cen te r  chemoreceptors i n  conjunction with t h e  

s p e c i f i c  chemosensitive s t r u c t u r e s  of t h e  brain.  
(2) 
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The p r i n c i p a l  r o l e  of both receptor  systems is t o  s e rve  as an impulsation 

source,  providing r e s p i r a t o r y  r egu la t ion  i n  accordance with t h e  metabolism, re- 

quirements of t h e  organism. 

a lyzer"  (Ayrapet 'yants and Pogrebkova, 1963). 

i n t e rocep to r s ,  and a t  t h e  same t i m e  t h e  a f f e r e n t  impulses from them are trans- 

f e r e d  

media and is  p a r t  of t h e  somatic system (Kocherga, 1965). 

This shows t h e  importance of t h i s  " r e sp i r a t ion  an- 
Its sensor devices belong t o  

t o  t h e  ac tua t ing  apparatus,  which is c l o s e l y  connected t o  t h e  ambient 

Apparently, t h e  per ipheral  chemoreceptor mechanism is ancient ,  and is 

homologous t o  t h e  "gas analyzer" of a q u a t i c  organisms. 

vessels i n  water-breathing v e r t e b r a t e s  are t h e  only elements t h a t  s t i l l  maintain 

d i r e c t  contact  with t h e  ex te rna l  media and are equipped with receptors  t h a t  per- 

ceive t h e  pressure of gases. With t h e  t r a n s i t i o n  of animals from w a t e r  t o  land, 

t h e s e  r ecep to r s  became i n t e r n a l  (arterial)  and, n a t u r a l l y ,  acquired some new 

Actually,  t h e  b ranch ia l  
+' 

prope r t i e s .  It is  d i f f i c u l t  t o  agree t h a t  t h e  high s e n s i t i v i t y  of c a r o t i d  - /lo[ 
bodies i n  mammals ,  as compared with homologous formations of amphibia, contra- 

d i c t s  t h e  ancient  o r i g i n  of chemoreceptors of t h e  c a r o t i d  zone, as maintained 

by S.V. Anichkov and M.L. Belen'kiy (1962). 

formations t h a t  w a s  newly confirmed by detailedcomparativephysiologicalstudies 

(Ts.V. Serbenyuk, 1968). The s ign i f i cance  of chemoreceptors i n  higher animals 

and i n  man is determined by t h e  fact  t h a t  they are a t  the  "gate" of t he  a r te r ia l  

system. 

constant ar ter ia l  pressure,  t he  chemoreceptors maintain a constant  gas composi- 

t i o n  of t he  ar ter ia l  blood by way of r e f l e x  responses. 

s inoca ro t id  chemoreceptors i n  higher animals relates t o  the  f a c t  t h a t  t h e  b r a i n  

t i s s u e  r equ i r e s  a constant  gas medium. A t  t he  s a m e  t i m e ,  t he  immediate chemical 

s e n s i t i v i t y  of t he  r e s p i r a t o r y  cen te r  w a s  ph i logene t i ca l ly  developed on account 

of t h e  increasing r o l e  of t he  c e n t r a l  nervous system (CNS) (Chernigovskiy, 1947). 

The chemoreceptive apparatus,  nonetheless,  remains i r r ep laceab le ;  e.g., under 

deep na rcos i s ,  when t h e  chemical s e n s i t i v i t y  of s p e c i f i c  b ra in  s t r u c t u r e s  and 

o f  t h e  r e s p i r a t o r y  cen te r  i t s e l f  is  depressed. Under such condi t ions,  dener- 

va t ion  of t h e  c a r o t i d  zones l e a d s  t o  breathing f a i l u r e  (Wett e t  a l . ,  1934). 

It is t h a t  very o r i g i n  of those 

Similar ly  t o  baroreceptors ,  located i n  the  same area, which provide a 

The c r u i c h  r o l e  of " 
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Being highly s e n s i t i v e  t o t h r e s h o l d v a r i a t i o n s  of t h e  ar ter ia l  pressure of 

oxygen, as w e l l  as t o  carbonic ac id  and hydrogen ion  concentration, arterial 

chemoreceptors are t h e  f i r s t  elements t o  i n d i c a t e  these  v a r i a t i o n s  providing 

f o r  an urgent adaptation of t he  breathing. Nonetheless, they r ap id ly  adapt them- 

se lves  t o  t h e  e f f e c t  of t h e  i r r i t a n t .  

formations i n  t h e  w a l l s  of t h e  b r a i n  v e n t r i c l e s  respond later, being a more 

s t a b l e  regulatory mechanism (Winterstein,  1958; Okuneva, 1960). M.V. Sergiyev- 

sk iy  (1961, 1963) holds t h a t  t h e  c e l l s  of t h e  ce reb ra l  cor tex,  along with c a r o t i d  

receptors ,are  a l s o  extremely s e n s i t i v e  t o  metabolism products, including carbon- 

i c  acid.  

t h e  r e t i c u l a r  formation t o  carbonic ac id  is  low, even though it is s t a b l e .  

The r e s p i r a t o r y  cen te r  and t h e  receptor  

However, t h e  immediate s e n s i t i v i t y  of t h e  r e s p i r a t o r y  cen te r  and of 

It w a s  demonstrated above t h a t  r e s p i r a t i o n  is  con t ro l l ed  by a chemore- 

f l e x i v e a s w e l l  as by a centrogenic mechanism, whereby t h e  s t imulat ion,  caused 

by a r e l a t i v e  oxygen " insuff ic iency" and t h e  s t imulat ion,  caused by an "excess" 

of carbonic ac id  (even under normal rest condi t ions)  do indeed coex i s t .  The 

immediate s e n s i t i v i t y  of t h e  r e s p i r a t o r y  cen te r  t o  hydrogen ion  concentration 

Ls higher than with chemoreceptors, and a denervation of t h e  la t ter  has l i t t l e  

e f f e c t  upon t h e  hypercapnic r eac t ions  of t h e  organism (Gemill and Reeves, 

19331, e spec ia l ly  when t h e  in sp i r ed  a i r  i s  r i c h  i n  carbon dioxide gas ( H e s s e r ,  

1949). The oxygen insu f f i c i ency  acts pr imari ly  through arterial  chemoreceptors 

(Cordier and Heymans, 1935; Wiemer et a l . ,  1963; Comroe, 1967; and o the r s ) .  

The r e sp i r a to ry  cen te r  of t h e  medular r e t i c u l a r  formation receives and 

i n t e g r a t e s  a l l  s t i m u l i  t h a t  are forwarded from the  r ecep to r  formations of 

var ious l e v e l s  (Mitchell ,  1966; W i e m e r  and Kiwull, 1966). Understandably, o t h e r  

p a r t s  of t h e  b ra in  a l s o  p a r t i c i p a t e  i n  t h i s  process,  p a r t i c u l a r l y  t h e  c e r e b r a l  

cor tex (Sergiyevskiy, 1966, 1967). Temporary bonds are formed i n  t h e  c e r e b r a l  

cortex; they provide f o r  a r ap id  a c t i v a t i o n  of adequate mechanisms of r e sp i r a -  

t o r y  con t ro l  which is e x p l i c i t l y  manifested during muscular a c t i v i t y  (Marshak, 

1950, 1961). Cortex denervation reduce8 t h e  s e n s i t i v i t y  of regulatory mechan- 

isms t o  carbonic acid,  and d i s r u p t s  t h e  g radua l i ty  of r e s p i r a t o r y  r e a c t i o n s  

under the inf luence of t h i s  agent (Ivanov and El 'gort ,  1966). 

- / l o1  
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It should b e  g e n e r a l l y k e p t i n  mind t h a t  t h e  r e s p i r a t o r y  response t o  any 

given f a c t o r  may be provided no t  by one mechanism, bu t  by several interchange- 

a b l e  systems. For example, v e n t i l a t i o n  changes t o  a i r  in sp i r a t ion ,  containing 

5-7% COz, i n  anaesthesized rats disappear only with short-range denervation of 

c a r o t i d  glomera (area postrema) i n  the  region of thalamus a n t e r i o r i  corpora 

quadrigmina, o r  of pons V a r o l i i  a n t e r i o r i  and t h e  mastoid bodies. I n  fact, t h e  

r e t e n t i o n  of a t  least  one of t hese  formations makes t h e  r e s p i r a t o r y  response 

poss ib l e  i n  its e n t i r e t y  (Masland and Yamamoto, 1962). 

I n  s p i t e  of t h e  e x t r e m e  complexity of t h e  mechanisms t h a t  p a r t i c i p a t e  i n  

r eac t ions  t o  such f a c t o r s ,  as hypoxia and hypercapnia, t h e  a c t i v i t y  of t h i s  

"optimizing" system (Priban and Finchham, 1965) i s  regu la r  t o  t h e  ex ten t  t h a t  

i t  is  possible  t o  accu ra t e ly  p red ic t  s h i f t s  i n  t h e  r e s p i r a t o r y  funct ions under 

c e r t a i n  inf luences,  including t h e  formulation of appropriate  models (Grodins, 

1964; Yamamoto and Raub, 1967). A l l  v e n t i l a t o r y  s t i m u l i  t h a t  p a r t i c i p a t e  i n  

t h e  regulat ion 

upon a c e r t a i n  comon f i e l d  i n  t h e  CNS ( c e n t r a l  nervous system), where they are 
transformed i n t o  an output s igna l .  The CNS is based on feedback t o  t h e  re- 

ceptor  devices, and hence is  extremely s e n s i t i v e  (Tenney, 1963). 

can be in t e rp re t ed  as elements of a closed c i r c u i t ,  converging 

It has been pointed out before  t h a t  t h e r e  e x i s t s  a p o s i t i v e  i n t e r a c t i o n  

between the  d i f f e r e n t  s t imu l i ,  i.e. oxygen def ic iency,  carbonic ac id  excess, 

and hydrogen ion  Concentration; i t  appears t h a t  t hese  s t i m u l i  amplify t h e i r  

r e spec t ive  inf luences upon r e sp i r a t ion .  A s  a r e s u l t ,  t h e  v e n t i l a t b r y  response 

under c e r t a i n  combinations of hypoxia and hypercapnia 

metical sum of t h e  effects of each of t h e s e  f a c t o r s ,  a c t i n g  sepa ra t e ly  (Nielsen 

and Smith, 1951; Loeschcke e t  al.,  1963; Cunningham e t  a l . ,  1964; Honda e t  

a l . ,  1965; Malmejac et a l . ,  1966). Accordingly, under hyperoxia, t h e  respira-  

t o r y  r eac t ions  t o  carbonic ac id  are a t t enua ted  (Loeschcke and Gertz, 1968; Lam- / l o 2  

be r t sen  et. a l . ,  1963; Domes and Lambertsen, 1966). 

is g r e a t e r  than t h e  a r i t h -  

The i n t e r a c t i o n  between hypoxic and hypercapnic s t i m u l i  is elucidated by 

d i f f e r e n t  schools of thought. 

of t h i s  i n t e r a c t i o n  i n  animals after denervation of t h e  c a r o t i d  receptors  

Some i n v e s t i g a t o r s  demonstrated t h e  disappearance 
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(Malmejac et al.,  1966). Other authors  hold t h a t  r ec ip roca l  amplif icat ion of 
t h e  hypoxic and of t h e  hypercapnic s t i m u l i  is e s s e n t i a l l y  of a c e n t r a l  o r i g i n  

(Wiemer and K i w u l l ,  1966), o r  else i t  r equ i r e s  a "state of c e n t r a l  st imulation" 

which takes  p l ace  s p e c i f i c a l l y  during muscular a c t i v i t y  (Tenney and Brooks, 

1966). 

Inc iden ta l ly ,  hypoxic-hypercapnic i n t e r a c t i o n  is  d i r e c t l y  r e l a t e d  t o  res- 
p i r a t o r y  con t ro l  during muscular work. 

s t rong  inc rease  of oxygen consumption and a r i s i n g  level of carbonic ac id  and 

of o the r  acid products i n  t h e  blood. Such a combination is t h e  most adequate 

f a c t o r  f o r  r e s p i r a t o r y  s t imulat ion;  t h i s  explains  t h e  phenomenon of t h e  s t rongly 

pronounced v e n t i l a t o r y  r e a c t i o n  t o  hypoxia i n  conjunction with hypercapnia. A 
d e t a i l e d  ana lys i s  of t h i s  complex and important problem l ies  beyond t h e  frame- 

work of t h i s  study, because he re  w e  are deal ing with r eac t ion  t o  s h i f t s  i n  t h e  

i n t e r n a l  medium. However, i t  should be pointed out t h a t  i t  is during muscular 

a c t i v i t y  t h a t  apparently t h e  most complete i n t e r a c t i o n  between pe r iphe ra l  and 

c e n t r a l  devices,  perceiving chemical s h i f t s  i n  t h e  organism, takes  place. The 

v e n t i l a t i o n  is brought i n t o  an exact balance with t h e  s h i f t s  of t h e  gas compo- 

s i t i o n  of mixed venous blood (Yamamoto and Edwards, 1560; Riley e t  a l . ,  1963; 

Hashisuka, 1965), i .e.  , t h e  l e v e l  of oxygenation-reduced process i n  t h e  organ- 

i s m .  This explains  t h e  aforenamed numerous attempts t o  prove t h e  ex i s t ence  of 

"mixed venous" chemoreceptors. 

so per fec t  t h a t  (provided t h a t  t h e  load is  not  excessive) ,  t h e  a lveo la r  Po 

w e l l  as oxygenation and blood Po 

of rest (Konradi e t  al.,  1934; Voytkevich, 1955; Hesser and Mattel, 1963; et  

al)  . 

Muscular a c t i v i t y  is associated with a 

Respiratory con t ro l  during muscular a c t i v i t y  is 

as 

are almost unchanged, as compared t o  a state 
4.t 2 

2 

It appears t o  us t h a t  above a l l  t h e  chemical s h i f t s  i n  t h e  i n t e r n a l  med- 

i u m  t h a t  occur du r ingmuscu la rac t iv i ty  are adequate s t imu la t ion  of t h e  chemo- 

r ecep t ive  devices t h a t  p a r t i c i p a t e  i n  breathing control .  Indeed, i f  venous 

blood is d i r e c t l y  enriched by carbonic ac id ;  t h e  v e n t i l a t o r y  r eac t ion  tu rns  

out t o  be t h e  same as with corresponding hypercapnia, caused by i n s p i r a t i o n  of 

a mixture containing a l a r g e  amount of carbon dioxide (Lamb, 1966, 1967). Thus 

w e  have complete compensation f o r  t h e  gas regime during moderate muscular / l o 3  
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a c t i v i t y ,  as compared t o  incomplete compensation during i n s p i r a t i o n  of changed 

gas mixtures (Domhorst , 1963) . 
Indeed, t h e  funct ion of a l l  receptor  mechanisms, t h a t  respond t o  t h e  

pressure of t h e  r e s p i r a t o r y  mixture i n  land v e r t e b r a t e s ,  c o n s i s t s  i n  t h e  per- 

ception of those s h i f t s  i n  t h e  chemism of t h e  i n t e r i o r  medium which take p l ace  

during work and o t h e r  metabolic changes. For p r a c t i c a l  purposes, t h e  organism 

is  not  exposed t o  s i g n i f i c a n t  v a r i a t i o n s  of t h e  gas composition of t h e  ex te rna l  

media. Using modified r e s p i r a t o r y  media, w e  a c t  only upon ind iv idua l  l i n k s  of 

t h e  "optimization system". And t h i s  system, i n  tu rn ,  is designed t o  e l imina te  

only t h e  endogenic s h i f t s  i n  gas composition of t h e  i n t e r n a l  med.ium. Thus, 

when mixtures with carbon dioxide are insp i r ed ,  t h e  s i g n a l i z a t i o n  from chemo- 

s e n s i t i v e  devices ( c a r o t i d  and "brain" chemoreceptors, cells  of t he  r e s p i r a t o r y  

cen te r  proper) is  convereted i n t o  an "output s igna l "  which causes an inc rease  

i n  v e n t i a l t i o n  t h a t  is s u f f i c i e n t  t o  wash out  t h e  excess carbonic ac id  with 

ordinary air .  

only a "compromise" reduction of hypercapnia is a t t a i n e d  (i.e., provided t h a t  

t h e  mixture 's  P is less than t h e  a l v e o l a r ) ,  and a l v e o l a r  P is maintained 

on a more o r  less elevated level (Tenney, 1963). 

However, s i n c e  t h e  expired mixture is  enriched by carbon dioxide, 

co2 co2 

It follows t h a t  i n  v i e w  of t h e  physiological  p rope r t i e s  of chemosensitive 

devices, a compensation of t h e  s h i f t s  caused by oxygen insu f f i c i ency  or excess 

carbon dioxide i n  t h e  r e s p i r a t o r y  medium (espec ia l ly  i f  t hese  fac,qors are act- 

ing  sepa ra t e ly ) ,  s t r i c t l y  speaking, cannot be complete. Using such gas mixtures, 

we  are only p a r t i a l l y  modelling t h e  r eac t ions  by means of which t h e  organism 

maintains a constant i n t e r n a l  gas medium. However, t h e  s p e c i f i c  purpose of t h e  

gas analyzer" of higher animals is t h e  percept ion of t h e  s h i f t s  of chemism i n  11 

t h e  i n t e r n a l  media which, i n  view of t h e  varying i n t e n s i t y  of t h e  metabolic 

processes,  r e q u i r e  an appropriate  r e s t r u c t u r i n g  of breathing. 

ON THE AFFERENT LINK I N  THE GAS PREFERENCE RESPONSE- 

It w a s  demonstrated t h a t  not  a l l  r e a c t i o n s  (e.g., hypervent i la t ion,  etc.) 

t o  a changed r e s p i r a t o r y  media are accompanied by general behavioral  responses 
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in animals, or by a differentiating response in man. 
fested only when the gas regimen of the organism is noticeably disrupted; this 
manifestation, obviously, is caused by some stimuli from the internal medium. 
The question hence arises: which perception devices emit these stimuli? 

Gas preference is mani- 

From the preceding discussion it should be apparent that the appropriate 
impulses could not originate in the upper respiratory tract or from the lungs. 
The following characteristic features of gas preference also support this con- 
tention : 

(1) A rather long latent period of the response of choice and 
differentiation of the mixtures, measured in minutes (and 
not in seconds, as for olfactory reactions); 

Absence of direct feedback between gas preference in man 
and the composition of respiratory media selected by man, 
as demonstrated in experiments with a fixed breathing 
regime. 

These experiments demonstrated that man's ability to differentiate between 
gas compositions is related to stimulations from the vascular bed or tissues, 
rather than from the respiratory passages. 

Role of Sinocarotid ChemoreceDtors 

Inasmuch as the role of sinocarotid chemoreceptors (essentially glomera 
of the carotid sinus) is generally recognized in almost all reactions, involv- 
ing a changed gas medium, we attempted to estimate their role in gas preference 
responses. To this end, we performed experiments involving the denervation of 
sinocarotid arteris of white rats. 

The bifurcation of one of the carotid arteris was exposed in the animals 
under nembutal. 
the area was infiltrated with a 0.5% novocaine solution. The adeventitia 

To prevent unfavorable reflex reactions during tissue surgery, 
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of t h e  c a r o t i d  s inus  w a s  thoroughly t r e a t e d  wi th  phenol (10%). 

performed on t h e  o the r  ca ro t id .  

quent occurrence with t h i s  type of surgery,  w a s  done by repeated 3n:Tamuscu- 

l a r  p e n i c i l l i n e  in j ec t ions .  

conventional experimentation. 

The same w a s  

The prophylaxis f o r  pneumonia, which is  a fre- 

After t h r e e  t o  f i v e  days, t h e  animal w a s  f i t  f o r  

The rats t h a t  w e r e  used as con t ro l  animals f o r  t h e  "denervated" rats, were 
subjected t o  t h e  same operation, with t h e  exception of a r t e r y  treatment by 
phenol. 

Figures 31 and 32 i n d i c a t e  t h a t  a denervation of t h e  s inoca ro t id  zone 

produced a considerable effect upon t h e  hypoxy gas preference in rats. 

The denervated animals di-d not react t o  weak hypoxy (14% 0 i n  ni t rogen)  2 
whereas in t h e  con t ro l  animals t h e r e  w a s  a tendency (however weakly pronounced) 

t o  a negative choice react ion.  

t i v e  manner t o  a medium containing 10.5% 02, whereas rats exposed t o  s inoca ro t id  

denervation reacted much less; i n  f a c t ,  t h e i r  r e a c t i o n  d id  not even reach a 

s t a t i s t i c a l l y  appreciable  level. A s t r i c t l y h y p o x i a l  mixture (7% 02, i n  ni t rogen)  

w a s  avoided by both groups of ra ts  almost equally.  

The con t ro l  animals reacted in a c l e a r l y  nega- 

It follows ' tha t  chemoreceptors of c a r o t i d  s inuses  play a considerable 

r o l e  i n  gas preference r eac t ions  i n  rats, as compared t o  moderately hypoxic 

mixtures. 

after these r ecep to r s  are eliminated. This appears t o  i n d i c a t e  t h a t  t h e  upper 

segments of t h e  CNS receive s i g n a l i z a t i o n  on t h e  hypoxic state of t h e  organism 

not j u s t  from t h e  r ecep to r s  of c a r o t i d  glomera, but  a l s o  from some o t h e r  reflex- 

ogenic zones. A t  extreme s t ages  of oxygen s t a r v a t i o n ,  t h e  la t ter  can also com- 

p l e t e l y  s u b s t i t u t e  f o r  t h e  chemoreceptor funct ion of c a r o t i d  arteries. 

An almost e n t i r e l y  negat ive r e a c t i o n  t o  oxygen depr i&t ion  i s  re t a ined  

/105 

Rats, subjected t o  s inoca ro t id  denervation, barely reacted t o  moderate 

admixtures (5%) of carbon dioxide; t h e  con t ro l  animals began t o  display a nega- 

tive react ion.  

r eac t ion  i n  t h e  denervated animals as w e l l ;  however, t h i s  r eac t ion  w a s  weaker 

A pronounced hypercapnic medium (CO, 9X) produced a negative 
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st 
than i n  t h e  c o n t r o l  animals. i!f +0.2 

Rtus, c a r o t i d  s inus  receptors  a l s o  

p a r t i c i p a t e  i n  t h e  behavioral  r eac t ions  -0.; 

-0.4 - 
-0.5 i n  t h e  absence of t hese  receptors ,  t h e  
-0.6 - 
-0.7 r eac t ion  t o  carbon dioxide does not  dis-  
'0.8 - 

-0.2 -0.3 - - y 1  t o  hypercapnic atmosphere. As expected, 
- 

- 
- 

Figure 31. 
ca ro t id  denervation upon t h e  gas 
preference of rats. The data  are 
averaged from 20 animals. Each p a i r  
of columns represents :  t h e  l e f t  
column - control-operated animals. 
The r i g h t  column - animals t h a t  
survived ca ro t id  s inus  denervation. 
Vertical column - s e l e c t i o n  index 
of t h e  d i f f e r e n t  zone S 

Horizontal  column - gas composition 
i n  t h e  d i f f e r e n t  zones: 
1 -  14% 02; 2 - 10.5% 02; 3 - 7% 02; 

4 - 5% C02; 5 - 9% C02; 6 - 10% O2 + 

The e f f e c t s  of t h e  sino- 

( t )  ; 

+ 3% co2. 

appear e n t i r e l y .  W e  know now t h a t  chemo- 

s e n s i t i v e  areas of t h e  b ra in  .also serve 

as a source of hypercapnic s igna l i za t ion .  

When t h e  same mixture (9% C02)  w a s  

administered with a hypoxia background 

(11.5% 02) ,  then t h e  negat ive r eac t ion  

of rats with eliminated s inoca ro t id  

r ecep to r s  w a s  reduced even more. Possi- 

b ly ,  t h e  depressing a c t i o n  of oxygen / lo6 

s t a r v a t i o n  upon t h e  nerve cen te r s  is  

more pronounced i n  t h e  presence of im- 

pu l sa t ion  from t h e  pe r iphe ra l  nerve 

centers .  After s inoca ro t id  denervation 

* t h e  animals stopped avoiding acombinedhypoxic-hypercapnic medium (10% 0 + 2 '  
+ 3% C 0 2 ) ;  t h i s  proves t h e  p a r t i c i p a t i o n  of t h e  chemoreceptors of t h e  arterial 

bed i n  t h e  mechanism of p o s i t i v e  i n t e r a c t i o n  of t h e  hypoxic and hypercapnic 

stimuli. 

*% 

These da t a  support t h e  fact  t h a t  t h e  chemoreceptors of t h e  s inoca ro t id  

zone are one of t h e  receptor  elements of t h e  gas preference r eac t ion  chain. 

is of i n t e r e s t ,  as pointed out by V.G. K a s s i l ' ,  A.M. Ugolev, and V.N. Cherni- 

govskiy (1964),that t h e  c a r o t i d  glomera play an important r o l e  i n  t h e  behavioral  

r eac t ions  of s e l e c t i n g  p re fe r r ed  food products by t h e  organism. 

It 

It follows t h a t  t hese  chemorectpor zones p a r t i c i p a t e  i n  t h e  chemism regu- 

Indeed, S.V. Anichkov and l a t i o n  of t h e  i n t e r n a l  medium i n  t h e  broadest sense. 

117 



Figure 32. 
of a rat i n  a hypoxia gradient  (10 t o  
21% 0 ) a f t e r  s i n o c a r o t i d  denervation. 2 
There is no notable  avoidance of t h e  
hypoxic zone (compare with Figure 6; 
no ta t ions  are t h e  same). 

A kymogram of t h e  movements 

M.L. Belen'kiy (1962) demon- 

s t r a t e d  conclusively t h a t  re- 

f l e x e s ,  stemming from c a r o t i d  

glomera, a f f e c t  not  j u s t  t h e  

r e s p i r a t i o n ,  but a l s o  a number 

of conjugated funct ions such as 
hydrocarbon metabolism and, 

i n  t h e  f i n a l  ana lys i s ,  are 

d i r ec t ed  toward maintaining 

t h e  energy resources of t h e  

organism. 

So f a r ,  i t  is  not  y e t  en- 

t i r e l y  clear as t o  what o t h e r  

perceiving devices p a r t i c i p a t e  i n  gas preference r eac t ions .  

of b ra in  v e n t r i c l e s  are a l s o  s e n s i t i v e  t o  carbonic acid,  when it comes t o  hy- 

poxia r e a t i o n s ,  we  can only estimate them i n  terms of t h e  chemoreceptors of t h e  

arch of t h e  a o r t a .  The la t ter ,  as general ly  bel ieved (Chalmers, et al . ,  1967; 

and o the r s )  play a considerably lesser r o l e  than c a r o t i d  receptors .  

t h i s  has been e s t ab l i shed  on laboratory animals - dogs, cats, and r a b b i t s ,  

which are t h e  conventional ob jec t s  f o r  s inoca ro t id  denervation. The problem of 

t h e  possible  r o l e  of a o r t a l  receptors  i n  t h e  r e s p i r a t o r y  r egu la t ion  of rats has  

While t h e  r ecep to r s  

However, 

not been touched upon i n  the  l i t e r a t u r e  t h a t  is a v a i l a b l e  t o  us. 

a b l e  t h a t  animals react not j u s t  upon pe r iphe ra l  chemoreflex affe&ntat ion,  bu t  

a l s o  on some s h i f t s  of a secondary na tu re  ( c i r c u l a t o r y  and metabolic) which 

occur as a result of oxygen s t a r v a t i o n  i n  va r ious  systems of t h e  organism, in- 

cluding t h e  b r a i n  (Sanotskaya, 1962; Cohen, et al., 1967). 

It is conceiv- 

/ l o 7  

The d i f f e r e n t i a t i o n  of r e s p i r a t o r y  mixtures by man is even more complex. 

It w a s  pointed out by A.B. Gandel'sman and h i s  s t a f f  (Gandel'sman, 1965; 

Gandel'sman, et al.,  1966) t h a t  man can estimate h i s  hypoxic state i n  exact 

accordance with t h e  a c t u a l  blood oxygenation decrease,  i.e., apparently based 

upon some adequate i n t r o c e p t i v e  s igna l i za t ion .  
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Gutz, et a l . ,  (1966), r ecen t ly  undertook a d e t a i l e d  inves t iga t ion  of t h e  

r o l e  of ar ter ia l  chemoreceptors i n  t h e  r e s p i r a t o r y  response of man. To block 

t h e  s inoca ro t id  and a o r t i c  chemoreceptors, they introduced l ignocain i n t o  t h e  

sub jec t ' s  cranium base,  in the  area of t h e  IXth and Xth nerve trunks. 

control  period (a i r  r e s p i r a t i o n ) ,  t h e  sub jec t s  w e r e  unnoticeably switched t o  

r e s p i r a t i o n  of a hypoxic mixture :8% O2 i n  nitrogen).  It w a s  found t h a t  block- 

ing s u b s t a n t i a l l y  reduced t h e  v e n t i l a t o r y  response. However, during breathing 

t h e  mixture, i n  t h e  s u b j e c t ' s  own words, he experienced "the usual  pleasant  

sensat ion of hypoxia". 

After a 

In another experiment, t h e  same sub jec t ,  upon i d e n t i c a l  blocking of t h e  

a r te r ia l  chemoreceptors, w a s  given a mixture containing 3% C02 i n  oxygen. 

experiment w a s  performed under condi t ions of countercurrent breathing with a 

gradual increase of carbon dioxide concentration i n  t h e  r e s p i r a t o r y  medium. 

The v e n t i l a t o r y  response i n  t h i s  instance a l s o  went down s u b s t a n t i a l l y ,  as com- 

pared with the  con t ro l  experiment ( p r i o r  t o  t h e  blocking).  Denervation of t h e  

s inoca ro t id  and a o r t i c  receptors  apparently a l s o  a f f e c t e d  t h e  sensat ions during 

hypercapnia: t h e r e  w a s  no deb i r e  t o  "expand t h e  chest", and t h e  sub jec t  could 

continue t o  b rea the  t h e  carbon dioxide mixture f o r  a considerably longer t i m e  

t h a t  i n  t h e  con t ro l  experiment. The authors  c o r r e c t l y  explain t h a t  by t h e  block- 

ing of t h e a f f e r e n t  f i b e r s  of t he  pulmonary branches of n.vagus,which p a r t i c i p a t e  

i n  t he  Hering-Breuer r e f l e x ,  r a t h e r  than by chemoreceptor denervation. 

The 

2 

A flaw i n  both of t h e  described experiments is t h a t  each one is a s i n g u l a r  

Moreover, they w e r e  performed on a sub jec t  who w a s  apparently f u l l y  experiment. 

aware of t h e  inves t iga t ion  i n  progress.  

references t o  s i m i l a r  s t u d i e s  in t h e  l i t e r a t u r e .  

Unfortunately, w e  w e r e  unable t o  f i n d  

The current  state of t h e  ar t  l eads  us t o  surmise t h a t  t he  receptor  l i n k  

i n  gas preference r eac t ions  i n  m a n  includes,  i n  add i t ion  t o  arterial  c h a o r e c e p t -  

D r s ,  some o the r  receptor  devices. A s  i n  a n i m a l  r eac t ions ,  once could conceivably 

assume t h e  chemosensit ivity of certain areas of t h e  b ra in ,  as w e l l  as t h e  recep- 

t i o n  of secondary hypoxic and hypercapnic s h i f t s  i n  t i s s u e s  pr imari ly  i n  t h e  

ms i t s e l f .  
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Common Mechanisms of D i f f e r e n t i a t i n g  Respiratory Media. 

Gas Preference and Dyspnoea 

It appears t o  us t h a t  mechanisms of gas preference cannot 

t r e a t e d  as t h e  r e s u l t s  of h p u l s a t i o n  from a c e r t a i n  reflexogen 

be simply 

c zone. kppar- 

e n t l y  i t  is  no t  j u s t  t h e  sensory formations,  described i n  t h i s  review, which 

serve as t h e  receptor  l i n k  i n  compensatory r eac t ions  of t h e  r e s p i r a t o r y  and of 
r e l a t e d  systems t h a t  p a r t i c i p a t e  i n  t h i s  process.  

One c h a r a c t e r i s t i c  of t he  r eac t ions  of d i f f e r e n t i a t i o n  and s e l e c t i o n  of 

gas media is i n  t h e  long l a t e n t  period, measurable i n  terms of minutes. These 

r eac t ions  set i n  only after t h e  beginning of compensatory r eac t ions  which be- 

come evidenced a f t e r  only a few seconds. 

s u l t  of an i n t e g r a t i n g  funct ion of t h e  CNS. 

G a s  preference thus emerges as a re- 

Apparently t h e  phenomena develop i n  t h e  following order.  The in sp i r ed  

mixture with changed composition changes t h e  p re s su re  of t h e  gases i n  t h e  

a lveo la r  a i r  and subsequently i n  t h e  blood. 

ar ter ia l  chemoreceptors and by chemosensitive areas of t h e  b ra in ,  including t h e  

cells  of t h e  r e s p i r a t o r y  cencer. This,  i n  t u rn ,  activates a number of adapt ive 

mechanisms of r e s p i r a t i o n ,  blood c i r c u l a t i o n ,  and o t h e r  functions.  If i n  t h i s  

manner a more o r  less complete compensation of t h e  gas regimen s h i f t  i n  t h e  

i n t e r n a l  media is  a t t a i n e d ,  then t h e  s t imu la t ion  level from t h e  aforementioned 

r ecep t ive  zones does not increase,  o r  else it even decreases. I n  t h i s  instance,  

t h e r e  are no o the r  general  behavioral  r eac t ions  of t h e  organism t o  t h e  given 

media. Spec i f i ca l ly ,  man does not  d i f f e r e n t i a t e  i t  from normal air. I n  t h e  

s a m e  instance,  when t h e  adapt ive r eac t ions  are obviously i n s u f f i c i e n t ,  and t h e  

blood and t i s s u e s  r e t a i n  considerably changes of t h e  gas regimen, t he  amplified 

impulsation from appropriate  receptor  devices grows. The response becomes am- 

p l i f i e d  by t h e  a f f e r e n t a t i o n ,  caused by t h e  development of secondary metabolic 

s h i f t s  i n  t h e  organism: change of t h e  pH of body f l u i d s ,  accummulation of 

i n s u f f i c i e n t l y  oxygenized products, etc. Such an unusual a f f e r e n t  s igna l i za t ion ,  

combined w i t h  a changed working regimen of t h e  r e s p i r a t o r y  muscles 

systems,is t h e  i n i t i a l  st imulus f o r  a negat ive r eac t ion  t o  t h e  in sp i r ed  gas 

m i x t u r e .  

These changes are perceived by 

and o the r  
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Apparently a negat ive r e a c t i o n  t o  t h e  gas media can a l s o  t ake  p l ace  i n  

/ 109 instances when the  compensation is s a t i s f a c t o r y ,  bu t  is a t t a i n e d  as a - 
r e s u l t  of excessive stress of t h e  adapt ive mechanisms, s p e c i f i c a l l y  by a d r a s t i c  

i nc rease  of t h e  energy consumption f o r  r e s p i r a t o r y  work. 

Here w e  should p a r t i c u l a r l y  consider man's formulation of sensat ions when 

breathing mixtures t h a t  are being r e j e c t e d  by t h e  body. 

na tu re  of t h e  mixture (hypoxic, hypercapnic) t h e  test sub jec t s  most f requent ly  

state, "It's d i f f i c u t  t o  breathe", '!Not enough air", etc. But those are t h e  

complaints of dyspnoea pa t i en t s !  

coincide with t h e  negat ive gas preference r eac t ions  no t  only in t h i s ,  apparent- 

l y  t o t a l l y  external symptom, but  a l s o  i n  t h e i r  very substance. 

Regardless of t h e  

It would appear t o  us t h a t  dyspnoea symptoms 

As i s  known, dyspnoea complaints occur not j u s t  i n  a c e r t a i n  pathology 

of r e s p i r a t i o n ,  blood c i r c u l a t i o n ,  metabolism o r  CNS funct ions;  they are a l s o  

r eg i s t e red  by heal thy ind iv idua l s  exposed t o  heavy muscular loads,  o r  upon 

climbing t o  high a l t i t u d e s .  

c l e a r .  

The pathogenesis of dyspnoea is  by f a r  no t  always 

There is  even no clear and p r e c i s e  formulation of t h e  ccmcept of dyspnoea. 

M.V. Chernorutskiy (1954) and G.F. Lange (1958) dis t inguished between sub jec t ive  

dyspnoea (sensat ion of i n su f f i c i ency  of breathing and hard panting) and ob jec t ive  

dyspnoea ( acce le ra t ion  of breathing and a change i n  its nature) .  

(Garbinski, 1967; and o the r s )  s t i l l  maintain t h e  same d i f f e ren t i ak ion .  Attempts 

w e r e  made t o  de f ine  dyspnoea as a unique phenomenon, manifested both subject ive-  

l y  and ob jec t ive ly  (Myasnikov, 1952; Tushinskiy, et a l . ,  1960). A.G. Dembo 

(1966) pointed out t h a t  dyspnoea is "hyperpnea o r  inadequate hyperventilation". 

Some authors  

However, w e  must keep i n  mind t h a t  dyspnoea is not  always accompanied by 

hyperpnea. On t h e  o the r  hand, i t  is inco r rec t  t o  refer t o  a l l  hypervent i la t ions 

as dyspnoea. It is a l s o  very d i f f i c u l t  t o  decide on t h e  adequacy of v e n t i l a t i o n  

under changed conditions of gas exchange. There appears t o  b e  no clean-cut con- 

nect ion between dyspnoea and t h e  gas composition of t h e  blood. 

dyspnoea phenomenon does no t  coincide wi th  t h e  concept of a r e s p i r a t o r y  

Generally, t h e  
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i n su f f i c i ency  as a discrepancy between t h e  r e s p i r a t o r y  funct ion of t h e  organism 

and t h e  gas exchange requirements i n  t h e  broad sense of t h i s  d e f i n i t i o n  

1957, 1966; Doroshchuk, 1965; Arakcheev, 1967). 

(Dembo, 

For t h i s  reason, i t  appears t o  us t h a t  t h e  viewpoint of those c l i n i c i s t s  

who relate dyspnoea s p e c i f i c a l l y  with t h e  "subjective" a spec t s  of breathing im- 

pairment, i .e.,  with t h e  r e spec t ive  complaints of t h e  p a t i e n t ,  is more j u s t i f i e d .  

I n  t h i s  sense,  dyspnoea is  a manifestat ion of t h e  recogni t ion of v e n t i l a t i o n  

d i f f i c u l t i e s  (Comroe, et a l . ,  1956). 

What are t h e  d i f f i c u l t i e s  involved? Some i n v e s t i g a t o r s  hold t h a t  t h e  

source of unpleasant sensat ions during dyspnoea is i n  t h e  accummulation of m e t -  

abolism products i n  r e s p i r a t o r y  muscles under stress (Garbinski, 1967). Accord- 

ing t o  N.S. Magazinnik (1962), dyspnoea p a t i e n t s  have a considerably higher -- /11 
energy consumption f o r  pulmonary Ven t i l a t ion  (see Chapter I11 regarding t h e  pre- 

cise perception of increased r e s i s t a n c e  t o  breathing i n  man). The author 

r e l a t e sdyspnoeawi th  increased r e s p i r a t o r y  work, y e t  he found no d i s t i n c t  rela- 

t ionsh ip  between them. 

between dyspnoea symptoms and v a r i a t i o n s  of t h e  blood's gas compositions, e i t h e r .  

A s  w e  pointed out ,  t h e r e  is  no d i s t i n c t  r e l a t i o n s h i p  
' 

Apparently, i n  some ins t ances ,  t h e  discrepancy between r e s p i r a t i o n  and 

the  condi t ions of gas exchange, as w e l l  as o v e r s t r e s s  of t h e  adapt ive mechanisms, 

are r e f l e c t e d  i n  t h e  higher  s e c t o r s  of t h e  CNS which i n t e g r a t e  t h e  s i g n a l i z a t i o n  

from proprioceptors of t h e  r e s p i r a t o r y  muscles, t h e  chemoreceptors of vessels 

and t i s s u e s ,  etc. That is when conscious negat ive r e a c t i o n  t o  these  condi t ions 

is  expressed i n  t h e  form of complaints of impairment of breathing, l a c k  of air, 
etc. I .M. Sechenov (1866) c l a s s i f i e d  such unce r t a in  f e e l i n g s  (on t h e  order  of 

hunger or  o v e r f i l l i n g  of t h e  stomach) i n  t h e  category of self-conscious phenom- 

ena which allow man t o  respond t o  impairments of h i s  body functions.  

Gas preference r eac t ions  belong i n  t h e  same category of phenomena. I n  

,terms of mechanism, negat ive gas preference r eac t ions  and dyspnoea apparently 

conicide. We s a w  t h a t  negat ive r e a c t i o n s  in  m a n  t o  d i f f e r e n t  gas mixtures as 
w e l l  as dyspnoea symptoms may occur wi th  normal VRM ( i n  experiments with a 
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f ixed  r e sp i r a to ry  regimen), and conversely, may be absent i n  hypervent i ia t ion.  

'It should be spec i f i ed  t h a t  dyspnoea is a negat ive r eac t ion  t o  non-compensated 

o r  difficultly-compensated dis turbances of t h e  gas regimen of t h e  organism, 

caused by internal reasons (e.g., an obs t ruc t ive  pulmonary a f f l i c t i o n  o r  excess- 
i v e  muscular a c t i v i t y ) .  A negauive gas preference r eac t ion  is r e l a t e d  t o  s i m i -  

l a r  disturbances,  caused by changed respiratory media. 
complaints i n  mountains should be considered as a negat ive gas preference to re- 
duced p a r t i a l  oxygen pressure i n  t h e  atmosphere. On t h e  o the r  hand, normal air ,  

as w e  s a w ,  can a l s o  cause t y p i c a l  dyspnoea complaints i f  a completely heal thy 

subject  is exposed t o  an a l i e n  r e s p i r a t o r y  regimen. 

Inc iden ta l ly ,  dyspnoea 

Taken i n  t h i s  frame of reference,  s t u d i e s  of gas preference can con t r ibu te  

t o  the  understanding of the  m e c a h n i s m  of r e s p i r a t o r y  impairments, both under 

physiological and pathological  conditions.  

12 3 
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Chapter V I  

FACTORS DETERMTNING THE DIFFERENTIATION AND THE CHOICE OF THE 

RESPIRATORY MEDIUM BY THE ORGANISM 

Gas preference manifestat ions,  s i m i l a r l y  t o  o t h e r  complex behavioral  re- - /I1 

a c t i o n s ,  are determined by many i n t e r n a l  and ex te rna l  f a c t o r s .  Here, we w i l l  

only consider some of t h e  most important of t h e s e  f a c t o r s .  

DEVELOPMENT AND TRAINING OF GAS PREFERENCE REACTIONS 

The primary quest ion,  both of t h e o r e t i c a l  and p r a c t i c a l  i n t e r e s t ,  is- 

are gas preference r eac t ions  congeni ta l ,  o r  are they formed as a r e s u l t  of re- 

peated exposures t o  an unusual r e s p i r a t o r y  environment? The p o s s i b i l i t y  of 

t r a i n i n g  o r  inf luencing these  r eac t ions  is  c l o s e l y  r e l a t e d  t o  t h i s  problem. 

Since higher  animals under normal condi t ions do no t  encounte’r s u b s t a n t i a l  

deviat ions of t h e  r e s p i r a t o r y  environment from normal, i t  could be assumed 

gas preference of Earth v e r t e b r a t e s  is  not congenital .  

t h a t  

Indeed, observing t h e  active s e l e c t i o n  of  p re fe r r ed  gas mixtures by 

animal and man, i t  becomes apparent t h a t  t h e  choice is  formed by repeated 

sampling of the o f f e red  mixtures. 

chamber, usual ly  makes several runs from one end of t h e  chamber t o  t h e  o the r  

u n t i l  it selects t h e  preferred zone. Man, i n  most instances,  is switched dur- 

ing t h e  s e l e c t i o n  from one mixture t o  another. 

An animal, placed i n t o  a gas gradient  
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Apparently, temporary bonds are formed during t h i s  sampling between t h e  

in t rocep t ive  s igna l s ,  considered i n  t h e  preceding chapter,  and t h e  ex te rna l  

s t imu l i .  

of t hese  bonds. I f  such were t h e  case, repeated exposures t o  t h e  same mixtures 

would have t o  improve t h e  d i f f e r e n t i a t i o n  a b i l i t y  of t h e  organism, o r  i n  o the r  

words, s t rengthen t h e  gas preference.  

The d i f f e r e n t i a t i o n  r eac t ion  of gas mixtures is formed on t h e  b a s i s  

Dynamics . .  of t h e  Development and Rever-sal of Hypoxic and Hypercapnic 

Gas Preference i n  Animals 
/I12 - 

To v e r i f y  t h i s  assumption, experiments w e r e  performed on white mi '&e,  in- 
volving repeated exposures t o  hypoxic g rad ien t s  (Breslav, 1 9 6 5 ~ ) .  

The animals w e r e  exposed a t  constant gradient  f o r  30 minutes d a i l y  over 

a five-day period i n  a gas gradient  chamber. 

versed, i .e . ,  a hypoxic media w a s  formed a t  t h e  a i r  end of t h e  chamber, whereas 

t h e  formerly hypoxic zone becameundifferentiated.  A n  add i t iona l  t h ree  t o  f i v e  ex- 

posures were performed under these  condi t ions,  u n t i l  t h e  formerly observed 

react ion w a s  res tored.  For an adequate evaluat ion of t h e  gas preference,  t h e  

s e l e c t i o n  t i m e ,  i .e.,  t h e  t i m e  between t h e  beginning of t h e  exposure and t h e  - I113 
moment of s e l e c t i o n  of t h e  preferred environment by t h e  animal, i n  add i t ion  t o  

t h e  d i i f e r e n t i a t e d  mixcure index (S t> ,  w a s  a l s o  taken i n t o  account. 

evaluate  t h e  e f f e c t s  of t h e  r e s p i r a t o r y  experiment6 upon t h e  general  condi t ion 

of t h e  animals, they w e r e  weighed d a i l y  ( i n  t h i s  manner young m i d m a k e  it pos- 

s i b l e  t o  r e g i s t e r  eventual impairments of t h e i r  growth). 

Thereupon t h e  gradient  w a s  re- 

I n  order  t o  

Several  series of experiments w e r e  performed i n  t h e  gas gradient  device,  

using d i f f e r e n t  gradients .  

va r i an t s :  a modified, s t rong,  and a very d r a s t i c  oxygen reduction i n  t h e  d i f -  

f e r e n t i a l  zone. Ten mice w e r e  used i n  each va r i an t .  

W e  w i l l  analyze t h e  t h r e e  most t y p i c a l  experimental 

A moderately hypoxic environment (12.5% 02) caused a s t a t i s t i c a l l y  s ign i f -  

i c a n t  preference of t h e  i n d i f f e r e n t i a t e d  zone of t he  chamber by the  animals (see 

Figure 33). The negat ive choice index f o r  t h e  hypoxia zone w a s  lower during 
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Figure 33. 
during repeated exposures t o  t n e  following oxygen content 
i n  t h e  d i f f e r e n t i a t e d  zone: (I) - 12.5%; (11) - 7.5%; 
(111) - 2%. The da ta  are averaged f o r  each group of 10 
animals. -A - t i m e  of choosing t h e  p re fe r r ed  zone, i n  
minutes; B - s e l e c t i o n  index of t h e  d i f f e r e n t i a t e d  zone 
(St) ;  C - body weight on t h e  following day a f t e r  t h e  

exposure, i n  % of t h e  weight on t h e  i n i t i a l  day. 
ho r i zon ta l  l i n e s  show t h e  numbers of exposures; t h e  dashed 
vertical  l i n e s  show the  ordered r e v e r s a l  change of the 
gradient  i n  the  device. 

Dynamics of hypoxic gas preference i n  mice 

The 

t h e  f i r s t  exposure, and higher during subsequent exposures. A t  t h e  same time, 

t h e  mice began t o  avoid t h e  hypoxic end of t h e  chambersooner s t a r t i n g  with t h e  

second exposure. 

during t h e  experiments remained norma1.A r e v e r s a l  of t h e  gradient  d i r e c t i o n o f  t h e  

device reduced the  preference of t he  und i f f e ren t i a t ed  zone, extended somewhat 

t h e  t i m e  of choice, and produced a s l i g h t  decrease of t h e  body weight. 

t h e  t h i r d  exposure, t hese  s h i f t s  w e r e  almost smoothed out.  

Judging from t h e  gain i n  weight, t he  condition of t h e  animals 

During 

Unquestionably, t h i s  adequate avoidance r e a c t i o n  of t h e  hypoxic zone i n  

mice is a cond i t iona l  r e f l e x  type react ion.  This is supported pr imari ly  by t h e  
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f a c t  t h a t  t h i s  r eac t ion  i s  not manifested immediately,but involves a certaln 

period of choice, amounting t o  8 t o  11 minutes, during t h e  i n i t i a l  exposures. 

During such t i m e ,  t he  mouse w a s  a b l e  t o  run i n t o  t h e  hypoxic zone 10 t o  12  

t i m e s  and t o  be exposed t o  oxygen s t a r v a t i o n  t o  a c e r t a i n  extent .  Even though 

t h e  e f f e c t  i n  each in s t ance  w a s  measurable i n  terms of seconds, one must consid- 

er t h e  i n s i g n i f i c a n t  oxygen r e se rve  i n  t h e  body of such a s m a l l  animal, taking 

i n t o  account t h e  r e l a t i v e l y  high level of its gas metabolism. I n  addi t ion,  a 

short-range v a r i a t i o n  of the.composition of t h e  in sp i r ed  a i r  a c t s  even stonger 

than a long-range v a r i a t i o n  (Hornbein e t  a l . ,  1961). After  numerous runs be- 

tween t h e  hypoxic and the  a i r  ends of t h e  chamber, t h e  animal developed an 

avoidance of t he  hypoxic zone. 

ce l e ra t ed ,  representing t o  a c e r t a i n  extent  a r e f l e x  t o  a locat ion.  When the  

gradient  w a s  reversed, t h e  animal developed a new reac t ion  with much more d i f -  

f i c u l t y  than t h e  i n i t i a l  react ion.  The modified conditions w e r e  now i n  c o n f l i c t  

with spa t ia l  r e l a t ionsh ips ,  t h a t  were already formed. This r e v e r s a l  is not  on 

easy process f o r  t h e  animals, and t h i s  is probably bes t  evidenced i n  t h e  temp- 

orary impairment of t h e  weight gain. 

Subsequently, t h e  r eac t ion  w a s  enforced and ac- 

Thus, m i c e  develop a negat ive r eac t ion  t o  a moderate reduction of t h e  

oxygen content i n  a d i f f e r e n t i a t e d  environment (known as compensated hypoxia); 

t h i s  negative reacti.on can be reversed r e l a t i v e l y  f a s t .  /114 

Exposure i n  a gas gradient  chamber, where t h e  oxygen content i n  the  hypoxic 

zone w a s  reduced t o  7.5%, w a s  accompanied by a considerably s t rongbr  react ion.  

By and l a r g e ,  t he  dynamics of consecutive exposures and of gradient  reversal 

did not s u b s t a n t i a l l y  d i f f e r  from t h e  one described above. 

a t i o n  of choice a f t e r  t h e  reversal took s l i g h t l y  longer;  t h e  longer s e l e c t i o n  

time w a s  r e t a ined  u n t i l  t he  f o u r t h  

Notably, t h e  r e s to r -  

exposure. 

When oxygen concentration w a s  d r a s t i c a l l y  reduced (up t o  2%), t h e  choice 

index a t  t h e  hypoxia end of t h e  gas gradient  device var ied a t  about -0 .9 ,  

whereas t h e  s e l e c t i o n  time during f i v e  exposures w a s  reduced from 10.2 t o  2.0 - 
2.4 minutes. 

gain of body weight w a s  replaced by a tendency t o  some loss of weight. 

Beginning with t h e  second o r  t h i r d  day of t h e  experiments, t h e  

A 
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reversal of t h e  g rad ien t  d i r e c t i o n  caused a considerable  decrease of t h e  animals' 

r e a c t i o n  t o  t h e  hypoxic media, and a l s o  r e s u l t e d  i n  a l o s s  of weight. 

indexes began t o  approached t h e  i n i t i a l  f i g u r e  only s t a r t i n g  with t h e  f i f t h  

exposure. 

These 

Thus, with a more pronounced decrease of t h e  oxygen Concentration in  t h e  

d i f f e r e n t i a t e d  environment t h a t  caused non-compensated hypoxia, t h e  animals' 

r eac t ion  is not  only more pronounced, but  it is  a l s o  formed quicker. A t  t h e  

same time, i ts  reversal, when t h e  gradient  d i r e c t i o n  is reversed, is more d i f f i -  

c u l t .  Apparently, t h e  r e f l e x  t o  l o c a t i o n  t h a t  is formed he re  is mre s t a b l e .  

Moreover, t h e  i n h i b i t i n g  e f f e c t  of oxygen s t a r v a t i o n  may a f f e c t  t h e  uncondition- 

a l  r e f l exes ,  including chemoreceptive r e f l e x e s  (Pozdnyakova, 1963), as w e l l  as 
t h e  condi t ional  reflexes (Zvorykin, 1953; Bullard and Snyder, 1961; Doronin, 

1963). This inf luence may have i n h i b i t e d  t h e  reversal of t h e  r e a c t i o n  t o  

changed conditions.  

It appears t o  us  t h a t  t h e  impairment of t h e  normal functioning of nerve 

cen te r s  accounts f o r  i n s t ances  of t h e  a t y p i c a l  paradoxic react ion,  observed i n  

10 t o  15% of t h e  experimental animals (Table 2).  Thus, on€ animal (Mouse 

No. 802) during t h e  f i r s t  exposure preferred t h e  hypoxia zone, r a t h e r  than t h e  

air  zone. 

s e i z u r e  during one of i ts  runs t o  t h e  hypoxia end (2% 02). 

exposures, t h e  mouse quickly chose t h e  und i f f e ren t i a t ed  area of t he  gas gradient  

device, where i t  s tayed almost f o r  t h e  e n t i r e  durat ion of t h e  experiment; t h i s  

w a s  accompanied b y a p r o g r e s s i v e  loss of weight. 

gradient  w a s  reversed, t h e  mouse stayed mostly nea r  t h e  hypoxia zone during t h e  

f i r s t  two exposures, and displayed a weak preference f o r  t h e  a i r  zone only dur- 

ing t h e  t h i r d  exposure. 

animal died displaying t y p i c a l  symptoms of general  exhaustion. 

(Mouse No. 806) a l s o  preferred t h e  hypoxia zone during t h e  f i r s t  exposure; t h i s  

animal a l s o  went i n t o  convulsions. 

t h i r d  exposures w a s  reversed, t h e  mouse again chose t h e  hypoxia zone. 

preference t o  a i r  environment w a s  apparent only during t h e  fou r th  and f i f t h  ex- 

posures. 

down only a t  t h e  end of t h e  experiment series. 

The experiment w a s  i n t e r rup ted  when t h e  animal had a convulsive 

During subsequent 

When t h e  d i r e c t i o n  of t h e  

The l o s s  of body weight progressed s t rongly;  t h e  

Another animal 

1116 When t h e  gradient  during t h e  f i r s t  and - 
A weak 

A reversal caused a .considerable reduct ion of body weight which slowed 
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a 

-0.96 

100.9 

TABLE 2 ATYPICAL REACTIONS OF MICE TO A STRONG HYPOXIC ENVIRONMENT (2% 02) 

t I 

-0.96 --1.00 
I 

-95.4 98.4 

Index 

-* 

102.1 

Choice ( i n  minutes) 

Choice index of the d i f fe r -  
ent ia ted zone (S ) 

Body weight t he  day follow- 
ing the  exposure ( i n  % of 
the  i n i t i a l  exposure day) 

t 
-0.90 

104.1 

Choice ( i n  minutes) 
Choice index of the  d i f f e r -  

ent ia ted zone (St) 

Body weight t he  day follow- 
ing the exposure ( i n  % of 
the  i n i t i a l  exposure day) 

2 

-0.12 

82.2 

Exposure a t  i n i t i a l  gradient 

L 

-0.20 

81.4 

1st 1 2nd I 3rd 1 4th 1 5th 

- I S  
Animal No. 802 

Animal No. 806 

Exposure a f t e r  reversal  of 
gradient d i rec t ion  

1st I 2nd 1 3rd 1 4th  I 5th 

2 

-CO.S3 

88.0 

1 

- 

96.9 

4 

$0.35 

77.5 

91.6 

1 

-0.10 

,** 

i 

$0.30 

81.2 

* Animal remains in the  hypoxic zone, conwlsions set i n  and, as a consequence, t he  exposure is 
interrupted; 

** Animal perished a few hours a f t e r  the exposure. 
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One could assume t h a t  some individuals  

developed a p e c u l i a r  neurosis  i n  such instan- 

ces, i n  view of d i f f i c u l t y  of developing an 

adequate r e a c t i o n  t o  a s t rong ly  hypoxic en- 

vironment. This neurosis  became extremely 

a c u t e  as a r e s u l t  of t h e  "col l is ion" caused 

i I . I _ _  by t h e  r e v e r s a l  of t h e  gradient  d i r ec t ion ;  
I 2 3 4 s 6 7 . 8 -  

t h i s  w a s  accompanied by a d r a s t i c  impairment 

Figure 34. The dynamics of of t h e  t roph ica l  system and even by t h e  death 
hypercapnic gas preference i n  
rats with repeated exposures of one of t h e  animals. 

with 1 2 %  carbon dioxide i n  t h e  
d i f f e r e n t i a t e d  zone. Data av- 
eraged f o r  10 animals. 

These f ind ings  support t h e  assumption 

Columns: choice index of t h e  regarding t h e  p a r t i c i p a t i o n  of t h e  conditioned 
d i f f e r e n t i a t e d  zone, (St);  r e f l e x  mechanism i n  t h e  formation of hypoxic 
Horizontals:  numb'ers of ex- 
posures; Dashed l i n e :  re- gas preference.  It agrees  with known f a c t s  i n  

versa1 of gradient  d i r e c t i o n  
i n  t h e  device. 

t h e  development of conditioned r e sp i r a to ry  and 

o the r  r e f l e x e s  i n  animals under t h e  inf luence 

of und i f f e ren t i a t ed  s t i m u l i  i n  conjunction wi th  

hypoxia (Arkhangel'skaya and Segal ' ,  1954;. Madarsz et al.,  1965; et  a l . )  

Similar r e g u l a r i t i e s  w e r e  discovered with respect t o  r eac t ions  t o  hyper- 

capnic mixtures. 

mice t o  an environment containing 12% CO 

temporily reduced t h i s  r e a c t i o n  t o  a small ex ten t .  

A s  demonstrated i n  Figure 34, t h e  negat ive r eac t ion  of white 

Gradient r eve r sa l  becomes s t ronger .  2 

xhus, temporary bonds are established during t h e  rormation or behavioral  /117 

r eac t ions  t c  excess carbon dioxide i n  t h e  environment. 

ment with t h e  da t a  a v a i l a b l e  on t h e  p o s s i b i l i t y  of developing condi t ional  res- 
p i r a t o r y  r e f l exes ,  based on hypercapnia (unconditioned s t imulus) ,  i n  conjunction 

wi th  any exterocept ive signals, including t h e  mechanics and environment of t h e  

experiment (Krasnov, 1953; Pogrebkova, 1958; Golodov, 1959; Ivanov and El 'gorr,  

1966). 

This again is  i n  agree- 
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On t h e  P-0-ssibility of Training Man t o  

D i f f e r e n t i a t e  Breathing Mixtures 

The discovered tendency of gas preference 

r eac t ions  i n  animals t o  strengthening and con- 

s o l i d a t i o n ,  when t h e  organism is repeatedly 

exposed t o  a hypoxic o r  hypercapnic environ- 

ment, i n d i c a t e s  t h a t  i t  is  t h e o r e t i c a l l y  pos- 

s i b l e  t o  t r a i n  f o r  a d i f f e r e n t i a t i o n  of breath- 

ing mixtures. 
I 
I 

B 60 
40 
20 

Figure 35. Dynamics of hyper- 
capnic gas preference i n  man 
with repeated exposures t o  a 
mixture containing 2% C02. 

Data obtained from 6 subjects .  
A - s e l e c t i o n  index of t h e  
d i f f e r e n t i a t e d  mixture (St); 

B - r a t i o  ( i n  %) of sub jec t s  
who i d e n t i f i e d  the  differen-  

An example are t h e  two following consecu- 

t i v e  experiments with r ecu r ren t  breathing i n  

a closed system, i.e., under condi t ions s f  

gradually increasing hypoxia. The experiments 

w e r e  conducted using t h e  s a m e  method as des- 

cr ibed i n  Chapter 11. 

During t h e  f i r s t  experiment, most of t h e  

s u b j e c t s  not  only did not have any sensat ions 

r e l a t e d  t o  oxygen insu f f i c i ency  during re- 

cu r ren t  breathing,  bu t  w e r e  even unable t o  

switch themselves t o  atmospheric a i r  up t o  t i a t e d  andund i f f e ren t i a t ed  (a i r )  . -  
mixtures c o r r e c t l y  ( I ) ,  in- t h e  moment of l o s s  of consciousness. I n  t h e  1119 
c o r r e c t l y  (3 ) ,  and those who 
did not  d i f f e r e n t i a t e  between second experiment, a l l  s u b j e c t s  w e r e  a b l e  eo 

t h e  mixtures (2) .  Horizontal  i d e n t i f y  t h e  sensat ion of oncoming hypoxia; 
l i n e  - number of exposures; 
v e r t i c a l  dashed l i n e  - and most of t h e  sub jec t s ,  a t  t h e  end of t h e  

beginning of information from experiment, a c t i v e l y  switched t o  a i r ,  being 
the  test s u b j e c t s  regarding 
t h e  correctness  of t h e i r  aware of t h e i r  i n a b i l i t y  t o  f u r t h e r  breathe 

i d e n t i f i c a t i o n  of t h e  mixtures. t h e  hypoxic mixture. 

Notably, A.B. Gandel’sman (1965) pointed out  t h a t  man indeed has t h e  

a b i l i t y  t o  estimate t h e  degree of hypoxemia a t  any given moment by means of 

repeated exercise .  “The physiological  n a t u r e  of t h e  phenomenon of improving 
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t h e  accuracy of i n t r o c e p t i v e  a n a l y s i s  appears t o  b e  predicated on a complex per- 

cept ion of t h e  time dynamics by t h e  subject ,  remembering t h e  perceptions during 

t h e  d i r e c t  s t imu la t ion  of t h e  t i s s u e s  ( s p e c i f i c a l l y  t h e  nerve c e n t e r s ) ,  and re- 
membering during t h e  chemoreceptor s t imu la t ion  of vascu la r  and ref lexogenic  

zones" (Gandel'sman and Verkhalo, 1966:201). 

With a repeated encounter of hypoxic mixtures, t h e  preference becomes more 

pronounced. Thus, i n  one of t h e  groups, cons i s t ing  of 12 sub jec t s ,  who were not  

y e t  exposed t o  hypoxia mixtures, only 9 s u b j e c t s  showed a negat ive r eac t ion  t o  a 

mixture containing 9% 02. I n  another s i m i l a r  group, which w a s  exposed t o  vari- 
ous hypoxic environments, t h e  same mixture caused a negat ive r eac t ion  i n  a l l  12 
test sub jec t s .  

To e s t a b l i s h  t h e  p o s s i b i l i t y  of t r a i n i n g  man's c a p a b i l i t i e s  t o  differen-  

t ia te  t h e  admixture of carbon dioxide i n  t h e  r e s p i r a t o r y  environment, we  exposed 

a group of six men on several occasions t o  t h e  same p a i r  of gas mixtures: 
und i f f e ren t i a t ed  one (air), and a d i f f e r e n t i a t e d  one, which contained up t o  2% CO 

with a normal oxygen content.  

cen t r a t ion ,  as demonstrated i n  Chapter 11, becomes a sub-threshold concentrat ion 

with respect  t o  man's gas  preference. 

an 

2 
After  f i v e  minutes a f  such exposures, t h i s  C02 con- 

Indeed, during t h e  f i r s t  exposure, only ha l f  of t h e  test sub jec t s  displayed 

a negat ive r eac t ion  t o  t h i s  mixture; during t h e  second exposure, t h e  number of 

s u b j e c t s  with a negative r eac t ion  w a s  even lower (Figure 35)' I n  f u t u r e  tests, t h e  

following problem w a s  posed before  t h e  sub jec t s :  

d i f f e r e n t i a t e d  mixture, and anund i f f e ren t i a t ed  mixture. 

each sub jec t  w a s  informed whether o r  not  h e  c o r r e c t l y  determined which of t h e  

but tons of t h e  zontrol  panel turned on t h e  hypercapnic mixture, and which of t h e  

but tons turned on t h e  a i r  ( t h e  connections between t h e  but tons and t h e  mixtures 

w e r e  var ied at random). As indicated on Figure 35, s t a r t i n g  with t h e  second o r  

t h i r d  experiment, t h i s  information l e d  most of t h e  s u b j e c t s  t o  a co r rec t  d i f f e r -  /120 
e n t i a t i o n  of t h e  mixtures. 

learn t o  d i s t ingu i sh  between a 

A t  the  end of each tes t ,  
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Naturally,  some of t h e  test sub jec t s  e r r ed  not  only i n  t h a t  they wrongly 

i d e n t i f i e d  the offered mixtures, by a l s o  displayed a perverted r e s p i r a t o r y  

react ion.  Thus one of t h e  test sub jec t s  (female) had a completely normal and 

moderate r eac t ion  during t h e  first experiment t o  a 2% content of COz, whereas 

during t h e  fou r th  experiment she  judged a i r  t o  be a d i f f e r e n t i a t e d  mixture, 

while she w a s  obviously avoiding a i r  during t h i s  experimentation. 

time, t h e  breathing o f  a i r  caused a pronounced hypervent i la t ion,  whereas t h e  

i n s p i r a t i o n  of a hypercapnic mixture produced hypoventilation. Thereby, t h e  

r e sp i r a to ry  changes during t h e  switchings took place instantaneously,  when t h e  

mixture composition could not  have a f f e c t e d  t h e  r e s p i r a t o r y  mechanism (Figure 

36). 
Being f a m i l i a r  with t h e  physiology of r e s p i r a t i o n ,  t h i s  p a r t i c u l a r  sub jec t  (as 

opposed t o  o t h e r s ) ,  following he r  personal ve rba l  estimate of t h e  mixtures - 
i n  t h i s  instance an inco r rec t  one - i nvo lun ta r i ly  simulated ( i n  an exaggerated 

fashion) t h e  v e n t i l a t o r y  response t o  a mixture t h a t  appeared t o  h e r  

d i f f e r e n t i a t e d  one. Inc iden ta l ly ,  V . I .  Voytkevich (1952) noted adequate res- 
p i r a t o r y  response t o  a ve rba l  s i g n a l  on t h e  forthcoming app l i ca t ion  of a hy- 

poxic mixture (command: "Poor mixture coming up!") i n  her test sub jec t s .  

A t  t h e  same 

Obviously, w e  are deal ing h e r e  with a suggested r e s p i r a t o r y  response. 

t o  be a 

I n  Chapter I V ,  w e  emphasized t h e  r o l e  of a ve rba l  s e l f - r epor t  on t h e  

mechanism of man's gas preference react ions.  

t h a t  verbal  s i g n a l i z a t i o n  has a dec i s ive  inf luence a l s o  i n  t h e  t r a i n i n g  of 

m a n ' s  c a p a b i l i t y  f o r  t h e  d i f f e r e n t i a t i o n  of r e s p i r a t o r y  mixtures. 

The aforenamed f a c t s  i n d i c a t e  

INDIVIDUAL AND AGE CHARACTERISTICS 

I n d i v i d u a l v a r i a b i l i t y  of G a s  Preference 

I n  both animals and man, gas preference responses seem to be sub jec t  t o  

considerable individual  differences.  

Among mice and rats w e  have found ind iv idua l s  which do n o t  even react t o  

severe changes i n  t h e  gas  composition in t h e  d i f f e r e n t i a t e d  end of t h e  gas 

gradient  instrument. As has a l r eady  been sa id ,  such animals q u i t e  o f t en  died 
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Figure 36. 
containing 2% CO with cor rec t  (A) and incor rec t  (B) i d e n t i f i c a t i o n  of the  mixtures 

by t h e  test subjec ts .  I n  t h e  f i rs t  experiment, t h e  resp i ra tory  response t o  t h e  hy- 
percapnic mixture i s  normal; t h e  mixture is usual ly  avoided by the  test subjects .  
During t h e  second experiment, t he  subject  erroneously thought -that t he  conventional 
a i r  w a s  the d i f f e ren t i a t ed  mixture which caused s t rong hypervent ia l t ion,  which w a s  
avoided by t h e  subjec t ,  

Spirograms of man, obtained during t h e  breathing of a i r  and of a mixture 

5 2 

The o ther  no ta t ions  are the  same a s  i n  Figure 8. 



i n  t h e  hypoxic medium, not  being a b l e  t o  g e t  out of t h e  danger zone quickly 

enough. Other individuals ,  on t h e  contrary,  had quick and exact react ions.  

Af t e r  one o r  two excursions i n t o  t h e  d i f f e r e n t i a t e d  zone, they chose t h e  undif- 

f e r e n t i a t e d  end of t h e  chamber, where they remained u n t i l  t he  end of the 

experiment. 

Man's a b i l i t y  t o  d i s t i n g u i s h  r e s p i r a t o r y  mixtures is no less va r i ab le .  

Thus, two sub jec t s  i n  only f ive  minutes of i nha la t ion  dis t inguished,  with no 

t roub le  a t  a l l ,  mixtures with comparatively s m a l l  changes i n  composition (15% O2 

i n  ni t rogen,  o r  2% CO i n  air) from air. 2 
no regular  preference f o r  them. 

a b i l i t y  t o  d i s t ingu i sh  r e s p i r a t o r y  mixtures. 

cases (although they w e r e  rare) when t h e  sub jec t s  chose mixtures f o r  breathing 

which caused severe hypoxic o r  hypercapnic s h i f t s  - f o r  example, 7% O2 i n  

ni t rogen o r  5% C02. 

The majori ty  of t h e  s u b j e c t s  displayed /121 
These people served as a standard of man's 

On t h e  o the r  hand, t h e r e  w e r e  

This is  a very i n t e r e s t i n g  question. It is not connected with any kind 

of physiological c h a r a c t e r i s t i c s  of d i s s i m i l a r  responses t o  a l t e r e d  r e sp i r a to ry  

environments (Sergeyev, 1935; Kulik, 1967). 

From a l l  of our s u b j e c t s  (about 70 people) 5 w e r e  s e l ec t ed  who expressed 

t h e  most negative response t o  breathing hypoxic mixtures,  and 5 who. j u s t  t h e  
opposite,  had t h e  most t roub le  d i s t ingu i sh ing  these  mixtures. 

It turned out t h a t  t h e  g r e a t e s t  a b i l i t y  t o  d i s t i n g u i s h  these  mixtures w a s  

shown by those with t h e  most r egu la r  and comparatively infrequent  r e sp i r a t ion .  

Table 3 shows t h a t  most of them had reacted t o  mixtures with 12% O2 with notably 

increased pulmonary v e n t i l a t i o n ,  while  t h e  sub jec t s  who had d i f f i c u l t y  d i s t ing -  

uishing the  hypoxic.mixtures had n o t  y e t  given any v e n t i l a t o r  response t o  them. 

More severely hypoxic mixtures (9 - 7% 02) caused more inc rease  of VRM in t h e  

"good dis t inguishers"  than i n  t h e  "poor dis t inguishers"  . 
It would seem t h a t  t h e  r e s p i r a t o r y  response i n  people who d i s t i n g u i s h  hy- 

poxic mixtures e a s i l y  is more favorable  f o r  compensating t h e  oxygen def ic iency 
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TABLE 3 

RESPONSES TO A MIXTURE CONTAINING 12% O2 BY SWECTS HAVING VARIOUS 

ABILITY TO DIFFERENTIATE HYPOXIC MEDIA 

Mixture d i s t i n c t i o n :  

Good 

Poor 

Difference between groups 

P 

- 

Index changes, i n  X of background (21% 0,) 

Choice index 
(St) 

-60 i: 14 

0 2 20 

+60 

0.1 

_ -  

VRM 

. __ 

+11 +- 5 

- 6 2 7  

-1 7 

0.05 

. . . .  . 

L 

.- . ~~~ 

Oxygen s a t u r a t i o n  
of t he  blood 

- __ 

-11 +_ 2 

- 6 i: 1’’ 

+5 
0.05 

i n  t h e  medium. However, t h e  lowered oxygenation of t h e  blood under t h e  inf luence 

of hypoxic mixtures i n  t h i s  group is not  less, but  even somewhat more than i n  t h e  

s u b j e c t s  who do not d i s t i n g u i s h  such mixtures w e l l .  A similar discrepancy exists 

between s t rong v e n t i l a t o r  response and r e l a t i v e l y  s i g n i f i c a n t  impairment of t h e  

oxygen regime, and,consequently, a l s o  a more i n t e n s i v e  hemoreceptor hypoxic im- /122 

pulse.  Perhaps t h i s  is  one of t h e  reasons f o r  t h e  s e n s i t i v i t y  of some people 

t o  a lowered oxygen content i n  t h e  r e s p i r a t o r y  environment. 

As has been s t a t e d ,  most of t h e  sub jec t s  d id  n o t  d i s t i n g u i s h  pure oxygen 

from air ,  o r  they reacted negat ively t o  t h i s  gas. More r a r e l y ,  t h e  sub jec t s  

preferred t o  breathe t h e  oxygen. 

We w e r e  a b l e  t o  record t h a t  t he  o r i g i n a l  pu l se  rate of most of t h e  sub- 

j e c t s  who reacted negat ively t o  t h e  oxygen w a s  lower. I n  oxygen breathing t h e i r  

pu l se  reduction w a s  less than t h a t  in  those who r eac t ed  p o s i t i v e l y  t o  t h e  oxygen. 

Regarding t h e  connection between pulse  and oxygen consumption (Margaria, 1965), 
such a d i f f e rence  i n  t h e  rate of h e a r t  con t r ac t ions  i n d i c a t e s  t h a t  t h e  hyper- 

oxic  medium is p re fe r r ed  by people with a higher  gaseous exchange, and there- 

f o r e  increased oxygen demand. 
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W e  d id  no t  d e t e c t  any kind of connection between t h e  a b i l i t y  of i nd iv idua l s  

t o  d i s t i n g u i s h  hypoxic mixtures and t h e i r  a t t i t u d e  toward pure oxygen. 

W e  s h a l l  now dwell on individual  c h a r a c t e r i s t i c s  of s u b j e c t s  by t h e i r  var- 

ious r eac t ions  t o  hypercapnic mixtures. 

pressed mainly i n  r e l a t i o n  t o  mixtures with 3% C02 content. The majori ty  of 

those who e a s i l y  dis t inguished an admixture of carbon dioxide had r e l a t i v e l y  

infrequent  r ep i r a t ion .  

frequency and less depth of breathing. 

cen t r a t ion ,  t h i s  group a l s o  had more of a decrease i n  pulse  rate. 

d id  not d i s t i ngu i sh  o r  even preferred t h i s  mixture of "pure" a i r  had a f a s t e r  

r e sp i r a to ry  rhythm. 

cians (Burrows et  a l . ,  1966) t h a t  obs t ruc t ive  lung d i seases  are character ized 

by frequent shallow breathing and a l s o  by CO being held back i n  t h e  organism. 

This is evident ly  the  result of lowered s e n s i t i v i t y  t o  t h i s  agent. 

Differences i n  gas preference w e r e  ex- 

They reacted t o  t h e  hypercapnic mixtures with increased 

I n  breathing a mixture with 3% Cog con- 

Those who 

This agrees  with what has been indicated by c l i n i c a l  Dhysi- 

2 

Evidently man's a b i l i t y  t o  d i s t i n g u i s h  hypoxic media has something in 

common with h i s  a b i l i t y  t o  recognize hypercapnic media. 

w e r e  among those who most s e n s i t i v e l y  reacted t o  mixtures with lowered oxygen 

zontent and t o  mixtures with lowered carbon dioxide concentration. However, 

one of t h e  sub jec t s  had d i f f i c u l t y  d i s t ingu i sh ing  both. 

does not  appear t o  be accurate .  For example, o the r  s u b j e c t s  e a s i l y  dis t inguished 

hypercapnic mixtures, but  had d i f f i c u l t y  with hypoxic. 

Three of t h e  s u b j e c t s  

Such a pa ra l l e l i sm 

The above mentioned c h a r a c t e r i s t i c s  of t h e  physiological  funct ions of those 

var iously dis t inguishing t h e  hypoxic and hypercapnic mixtures did not  always 

reach a s t a t i s t i c a l l y  s i g n i f i c a n t  l e v e l .  No kind of r egu la r  d i f f e rence  w a s  rec- 

ognized between these  groups according t o  such things as sex, age ( t r u e ,  a l l  

our  sub jec t s  general ly  were from one age group), and v i t a l  lung capacity.  

/123 

W e  must n o t e  t h a t  t he  unusual a b i l i t i e s  of i nd iv idua l s  t o  d i s t i n g u i s h  such 

mixtures are connected not only with c h a r a c t e r i s t i c s  of r e s p i r a t i o n  r egu la t ion  

i n  these  people. They are a l s o  r e l a t e d  t o  some c h a r a c t e r i s t i c s  of t h e i r  higher 

nervous a c t i v i t y ,  i n  t h e  sense of more o r  less s e n s i t i v i t y  t o  s igna l ing  from t h e  

i n t e r n a l  medium ("vague feelings") . 
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I n  the  experiments of Gandel'sman which w e  have mentioned, i t  w a s  s t r e s s e d  

repeatedly t h a t  t r a i n e d  a t h l e t e s  possess t h e  a b i l i t y  t o  d i f f e r e n t i a t e  t h e i r  own 

hypoxemic s h i f t s  except ional ly  accurately.  

a l l  f i v e  of t h e  s u b j e c t s  who dis t inguished t h e  hypoxic mixtures most e a s i l y  w e r e  

cons i s t en t ly  involved i n  spo r t s .  I n  t h e  group which had d i f f i c u l t y  dis t inguish-  

ing these  mixtures,  only one had a t h l e t i c  t r a in ing .  

W e  are inc l ined  t o  support t h i s  fact: 

But how can w e  understand the  f a c t  t h a t  i n  people who e a s i l y  d i f f e r e n t i a t e  

hypoxic r e s p i r a t o r y  media, t h e  l a t t e r  cause t h e  most s i g n i f i c a n t  lowering of 

oxygen s a t u r a t i o n  of t h e  blood? Evidently, r e s i s t a n c e  t o  oxygen s t a r v a t i o n  is  

no t  necessa r i ly  associated with maintaining a high level of oxygen in  the blood. 

When it  is  a question of adapting t o  hypoxia (be i t  breathing an hypoxic mixture 

o r  heavy work) w e  are pr imari ly  t a lk ing  about economically u t i l i z i n g  oxygen. 

This w a s  demonstrated no t  long ago i n  t h e  research of A.A. Artynyuk (1968). I n  

p a r t i c u l a r ,  highly t r a ined  a t h l e t e s  under muscular load had a reduction of oxy- 

gen i n  the  blood t h a t  w a s  no t  less, but even more, than untrained people. It is 

poss ib l e  j u s t  t h i s  heightened hypoxemic s h i f t  a l s o  allows man t o  b e t t e r  " f ee l  

deeply" t h e  oxygen l a c k  and more quickly adapt t o  i t .  

And from t h i s  follows the  assumption t h a t  man's a b i l i t y  t o  accurately per- 

ceive a l a c k  of oxygen can b e  one of t h e  cri teria of h i s  high r e s i s t a n c e  t o  

hypoxia. 

Age Features  of Gas PrefereKce _ -  

To study t h e  r e l a t i o n s h i p s  of response t o  var ious r e s p i r a t o r y  environments 

with age, t h e  experiments w e r e  conducted on t h r e e  groups of white rats: 

(1) young (1 month); 

(2) mature (5 months); 

(3) o ld  (about 1 1 / 2  years).  

There w e r e  about 20 animals i n  each group. 

Figure 37 shows hypoxic, hyperoxic, and hypercapnic gas preference of rats / 124 - 
of various ages. Negative response to a mixture with lowered (10%) oxygen 
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content w a s  already present i n  t h e  young animals. 

searchers ,  who th ink  t h a t  even newborns have completely developed chemoreceptor 

responses t o  hypoxemia (Chapter V). 

This agrees  with most re- 

With age, t he  animals' avoidance of t h e  hypoxic medium becomes somewhat 

more s t rongly expressed. 

such a medium. This f a c t  can be connected with the  lowered r e s i s t a n c e  and g r e a t  

s e n s i t i v i t y  of t h e  organis- t o  hypoxia which w a s  found i n  aged people (Lawyer, 

1963). A.Z. Kolchinskaya (1963, 1964) noted i n  people over 80, even under ord- 

inary circumstances, t h e  appearance of oxygen insu f f i c i ency ,  which increased 

(shortness  of breath,  sensat ion of not  enough a i r )  when i n  t h e  mountains a t  

even low a l t i t u d e s  (2,000 meters).  N.N. S i r o t i n i n  (1966) a l s o  th inks  t h a t  oxy- 

gen s t a rva t ion  develops with age. 

of e a r l y  s igns of aging. 

Old animals showed t h e  g r e a t e s t  negat ive response t o  

This plays an important r o l e  i n  t h e  o r i g i n  

Such s e n i l e  hypoxia seems t o  be mostly t h e  r e s u l t  of 

lowered d i f fus ion  a b i l i t y  of t h e  a l v e o l a r - a r t e r i a l  ,membrane (Yadzu, 1965). /125 
It a l s o  r e s u l t s  from inadequate a lveo la r  v e n t i l a t i o n  because of increased phys- 

i o l o g i c a l  dead space i n  connection wi th  t h e  t i s s u e  oxidation-reduction processes 

(Seredenko, 1963). 

This f a c t o r  can be connected with t h e  weakly p o s i t i v e  response w e  found i n  

This confirms t h e  idea of N.N. S i r o t i n i n  o ld  rats t o  an hyperoxic environment. 

t h a t  a supplementary oxygen supply is  use fu l  i n  extreme old age. 

rats mostly responded negat ively t o  t h e  hyperoxic mixture. 

Middle-aged 

Thus, unequal gas preference f o r  mixtures with decreased and increased oxy- 

gen content i n  animals of var ious ages is evident ly  connected with t h e  changes 

which t h e  oxygen regime undergoes i n  ontogenesis. 

Negative response t o  a hypercapnic medium seems t o  be inherent  i n  r a t s  of 

This supports da t a  i n  t h e  l i t e r a t u r e  about t h e  a l l  ages, including t h e  young. 

low threshold of hypercapnic r e s p i r a t o r y  responses i n  young animals (Yu. Ivanov, 

1966),and t h e  s e n s i t i v i t y  of arterialchemoreceptorsto carbonic ac id  which is 

c h a r a c t e r i s t i c  of even newborns (Purves, 1966). At maturi ty ,  negat ive response 

t o  a hypercapnic mixture had a tendency t o  decrease a l i t t l e .  In o ld  rats i t  
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again increased s l i g h t l y .  Although these  

d i f f e rences  are n o t  s t a t i s t i c a l l y  r e l i a b l e ,  st 

1 they s e e m  t o  con t r ad ic t  r e p o r t s  of a high +o. 5 I ! 

CO.31 
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Figure 37. Hypoxic (I), hyper- 
oxic ,  (II), and hypercapnic (111) 
gas preference of young (11, ma- 
t u r e  (2), and o l d  (3) rats. Av- 
erage da ta  from 20 animals. 
V e r t i c a l l y  - choice index f o r  

threshold of v e n t i l a t o r  responses t o  carbon 

dioxide admixtures i n  o l d  animals (Yu. Ivanov, 

1966). 

probably b e  necessary t o  study t h e  oxygen 

pressure of t h e  a l v e o l i ,  t h e  blood and t h e  

t i s s u e s  a t  var ious ages. 

To explain t h i s  question it w i l l  

EFFECTS OF EXPOSURE TO A CHANG)ZD 
RESPIRATORY ENVIRONMENT AND 

ADAPTATION TO I T  

From t h e  d a t a  c i t e d ,  it would seem t h a t  

gas preference t o  a c e r t a i n  degree r e f l e c t s  

t h e  demands made by an organism on t h e  res- 

the  d i f f e r e n t i a t e d  zone (St) p i r a t o r y  environment - i n  p a r t i c u l a r ,  on 

t h e  p a r t i a l  p re s su re  of oxygen. 

I n  h i s  research,  H a l l  (1966) discovered a c o r r e l a t i o n  between the  a b i l i t y  

of several animals t o  extract oxygen from t h e  atmosphere and a p o s i t i v e  oxyhemo- 

globin d i s s o c i a t i o n  curve i n  t h e i r  blood. The s m a l l e z  rodents cannot absorb 

oxygen when i t  has such a low par t ia l  pressure,  as can t h e  l a r g e r  ones. This - /12 

f e a t u r e  w a s  a l s o  confirmed i n  our experiments. 

negative responses i n  m i c e  to an hypoxic medium developed a t  lower degrees of 

decreased oxygen content i n  t h e  d i f f e r e n t i a t e d  zone of t h e  gas gradient  

chamber than i n  rats.  

As w a s  shown i n  Chapter 11, 

A t  t he  same t i m e ,  gas preference c h a r a c t e r i s t i c s  i n  animals and man re- 

f l e c t  t h e  a d a p t a b i l i t y  of t h e  organism t o  t h e  normal content of a r e sp i r a to ry  

medium t h a t  is usual f o r  lower l a y e r s  of t h e  atmosphere. From t h i s  point  of 

view, an organism adapted t o  an unusual gas medium must also show an a l t e r e d  

gas preference. 
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Adaptabi l i ty  t o  a l t e r e d  atmospheric composition can b e  n a t u r a l  t o  species  

l i v i n g  i n  high-mountain regions o r  i n  a medium more o r  less i s o l a t e d  from t h e  

surrounding air, as i n  deep burrows. It is a l s o  known t h a t  an organism can 

accl imat ize  t o  an unusual gas composition of t h e  environment during lengthy 

exposure. 

W e  s tudied experimentally both n a t u r a l  and acquired "adjustment" of an 

organism t o  one o r  o the r  compositions of t h e  r e s p i r a t o r y  environment. 

Natural  Environment and Gas Preference of Some Rodents 

A s  our bas i c  research w a s  conducted on laboratory rodents,  it seemed im- 

por tant  t o  set up experiments with those rodents which n a t u r a l l y  l ive  i n  an 
a l t e r e d  r e sp i r a to ry  environment. This group includes animals which inhab i t  deep 

burrows where t h e r e  can be a considerable accumulation of carbon dioxide and de- 

creased oxygen content. 

W e  c a r r i ed  out t h i s  work together  with A . I .  Shcheglova. The research w a s  

conducted on species  .of d e s e r t  ra ts ,  l i v i n g  i n  burrows. They w e r e  extracted 

a t  var ious depths. W e  s tud ied  t h e  g i a n t  (Rhombomys opimuS Lich t . ) ,  meridian 

(Memknes meridianus P a l l .  ) , and c re s t ed  (Meriones tamdsCinus P a l l .  ) sand 

rats; and a l s o  t h e  laminated-tooth rat (Nesokia indica Gray). Laboratory white 

rats (Rattus norvegicus Berk.) w e r e  used as a comparison. 

represented i n  t h e  experiments by 10 - 11 specimens t h a t  w e r e  2 - 3 months old.  

Each species  w a s  

W e  s tudied t h e  animals' responses t o  the  following gas mixtures: 1 0  and 

80% O2 i n  ni t rogen and 5% C02 i n  n i t rogen  with a normal oxygen content. 

animals w e r e  exposed twice t o  experiments using each of t hese  mixtures. Table 

4 shows t h e  data  which character ized species  d i f f e rences  i n  t h e  rodents '  res- 

ponses t o  hypoxic, hyperoxic, and hypercapnic media. 

The 

The white  rat displayed a severe negat ive response t o  t h e  hypoxic medium. 

The meridian sand rat a l s o  responded negat ively t o  oxygen deficiency. 

w a s  no response t o  t h e  hypoxic gas mixture from t h e  c re s t ed  sand rat o r  t h e  

There 
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laminated-tooth ra t .  A p o s i t i v e  ( s t a t i s t i c a l l y  s i g n i f i c a n t )  response t o  t h i s  /127 

medium w a s  even displayed by t h e  g r e a t  sand rat. 
7 

+0.18+0.21 

-o.zs+o.o9 

-0.02+0.17 

The medium with excess oxygen content caused an i n s i g n i f i c a n t  tendency 

toward p o s i t i v e  response i n  t h e  meridian sand rat and t h e  white  rat. A t  t h e  

same t i m e ,  t h e  g r e a t  and c re s t ed  sand rats, as w e l l  as t h e  laminated-tooth rat, 
had p r a c t i c a l l y  no response t o  t h e  hyperoxic medium. 

0.4 

0.01 

> 0.5 

TABLE 4 
CHOICE INDEX OF GAS MIXTURES FOR VARIOUS SPECIES OF RODENTS 

-0.37 -1- 
+O.Ob 

Species  

Giant sand rat 

< 0.001 

Crested sand rat  

Meridian sand rat 

-0.05+ 
+o.os 

&O.iiT 
-0.24+ 

Laminated-tooth rat  > 0.5 

0.05 

11 

10 

10 

10 

White rat 

.~ ..- . .- 

L 

St 4 m 
. 

0 

+0.02f0.23 

+O.i4+ 0.09 

0 

+O.iS&O.i4 

- 

> 0.5 

0.2 

- 

0.2 

~ 

-0.01 + > 0.5 
+0.12 I 

r 
- .-- 

The white  r a t  and the  meridian sand rat displayed a q u i t e  clear negat ive 

response t o  the  medium with increased carbon dioxide content.  The rest of t h e  

experimental spec ie s  - t h e  g r e a t  and c r e s t e d s a n d r a t s  and t h e  laminated-tooth 

rat - displayed no s i g n i f i c a n t  response t o  its admixture. 

The gas preference c h a r a c t e r i s t i c s  of t h e  rodents w e  s tudied conform very 

. w e l l  with the  ecological  f ea tu re s  of t h e s e  animals. 

po r t ion  of t h e i r  l ives in burrows, they l ive  i n  a pecu l i a r  gas regime. 

g r e a t e r  o r  lesser s t a b i l i t y  of t h i s  regime depends on t h e  general  a r c h i t e c t u r e  

of t h e  burrows, t h e  depth of t h e i r  entrances and nes t ing  chambers. 

Spending a considerable 

The 

It a l s o  
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depends on s t ruc tu re ,  ae ra t ion  and degree of moisture i n  t h e  s o i l .  W e  must add 

t h a t  during g rea t  hea t  o r  cold rodents  o f t e n  plug up t h e i r  holes  from ins ide  wlth 

s o i l  and grass .  This diminishes t h e  already poor v e n t i l a t i o n  (Kucheruk, 1960). 

Generally, of course,  t he  deeper the  burrows are located and the  denser the  s o i l  

i n  which they are b u i l t ,  t he  weaker the  convection of a i r  i n  them. Compared with 

atmospheric a i r ,  t h i s  a i r  may have a l i t t l e  less oxygen and much more carbon 

dioxide.  It is known t h a t  oxygen penet ra tes  i n t o  the  s o i l  more e a s i l y  than 

carbon dioxide is l ibe ra t ed  from t h e  s o i l .  

s o i l  increases  wi th  depth (Gilyarov, 1949). About 3% C02 is  found i n  t h e  a i r  of 

the  s o i l ,  and a t  a depth of 4m, even up t o  8% (Doyarenko, 1915; Lyundegord, 1937). 

I n  t h e  sandy s o i l s  where d e s e r t  rodents  cons t ruc t  t h e i r  burrows, t h e  carbon dio- 

x ide  content  a t  a depth of only 15 c m  i s  0.25%, and a t  a depth of 30 c m  - 0.31%. 

This is  10 t i m e s  g r ea t e r  than i ts  usual  quant i ty  i n  the  atmosphere (Lyundergord, 

1937). Thus, i n  proport ion t o  depth below t h e  surface,  s o i l  a i r  is  charac te r ized  

by an increased hypoxic and a t  t h e  same t i m e  hypercapnic regime, which o r d i n a r i l y  

a f f e c t s  hot  c l imates .  Various animals r e a c t  t o  these  condi t ions i n  var ious  

ways; i t  depends on t h e i r  eco logica l  spec ia l i za t ion .  Thus, burrowing rodents  

endure hypoxic condi t ions b e t t e r  because of t h e  a l ready  ex i s t ing  a d a p t a b i l i t y  

of t h e i r  t i s s u e s  and e n t i r e  organism t o  these  condi t ions (Slonim, 1962). 

I128 - 
The quant i ty  of carbon dioxide i n  t h e  

There are da ta  i n  t h e  l i t e r a t u r e  (Hall ,  1966) t h a t  rodents  which normally 

l i v e  i n  burrows (or a t  high a l t i t u d e s )  where p a r t i a l  p ressure  of oxygen might 

be reduced have a n a t u r a l l y  lower sa tu ra t ion  pressure of oxyhemoglobin. 

animals can consume oxygen when the re  is  a lower content  i n  i t  i n  t h e  atmos- 

phere. The gas  preference c h a r a c t e r i s t i c s  of t h e  burrowing rodents  we  have 

c i t e d  serve t o  support t h i s .  

These 

O f  a l l  t h e  spec ies  w e  s tud ied ,  t h e  c res ted  and, i n  p a r t i c u l a r ,  t h e  g r e a t  

sand ra t  spend a considerable  p a r t  of t h e i r  l ives i n  very deep burrows (up t o  

3 m). 
t hese  rodents  are adapted t o  enduring condtions where t h e r e  is an oxygen def ic -  

iency and excess carbon dioxide.  

laminated-tooth rat, s i m i l a r  in  t h e s e  r eac t ions  t o  t h e  previously mentioned 

sand rats, does not  l ive  i n  deep burrows, but  bu i ld s  them in  dense, r a r e l y  

moistened and poorly v e n t i l a t e d  s o i l a .  

I n  connection with what has  been noted above, i t  can be  assumed t h a t  

Our experiments ind ica ted  exac t ly  this .  The 
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The meridian sand rat seems t o  be q u i t e  s e n s i t i v e  t o  i n s u f f i c i e n t  oxygen 

and increased carbon dioxide concentration. H e  l i v e s  i n  simply-built burrows 

with entrances loca t ed  on t h e  surface.  The a i r  i n  these  burrows is s i m i l a r  t o  

t h e  ordinary atmosphere. 

t he  white rat ,  which a l s o  reacts negat ively t o  a worsening gas  composition i n  

t h e  a i r  t o  which i t  is  n o t  accustomed. 

The la t ter  seems t o  b e  t h e  normal medium a l s o  f o r  

The da ta  obtained confirm t h a t  gas preference is  c l o s e l y  connected with 

a d a p t a b i l i t y  t o  a c e r t a i n  usual composition of t h e  atmosphere. 

Influence of . Artificial  .. Adaptation t o  Hypoxia and Hyperoxia 

on Animals' G a s  Preference 

As we know, a prolonged period i n  an environment with lowered p a r t i a l  

pressure of oxygen l eads  t o  a whole series of adapt ive s h i f t s  i n  the  r e s p i r a t o r y  

funct ion and a l l i e d  systems. An increased level of pulmonary v e n t i l a t i o n  is  es- 

tabl ished (Knowles, 1959; Davidov, 1966, and many o t h e r s ) ,  compensatory reorgan- 

i z a t i o n  of hemodynamics occurs (Weidman, et  a l . ,  1965) e spec ia l ly  i n  the  b r a i n ' s  

blood supply (Diemer  and Henn, 1965; Voytkevich, 1966), e ry th ropo ies i s  is in- 
t e n s i f i e d ,  and t h e  oxygen capaci ty  of t h e  blood inc reases  (Voitkevich, 1963, 

S i r i  et  al . ,  1966; and many o the r s ) .  The funct ion of t h e  hypophysis-adrenalin 

system is st imulated (Marks, et  a l . ,  1965), etc. There are changes a t  t h e  

t i s s u e  and even the  molecular levels of biochemical processes (Barbashova, 

1960, e t  al.). 

considerably increased. 

As  a r e s u l t ,  an organism's resistance t o  oxygen Skarvation is 

F i r s t  of a l l  w e  had t o  f i n d  out how gas preference changes as a r e s u l t  of 

adaptat ion t o  a hypoxic medium and what t h e  probable physical  mechanism of such 

changes are (Breslav, 1967). The work w a s  conducted on white  rats. A t  f i r s t  

w e  s tudied t h e  gas preference of a group of 20 animals i n  r e l a t i o n  t o  mixturee 

with a l t e r e d  oxygen and carbon dioxide content.  

t o  hypoxic adaptat ions.  

12 hours i n  a l a r g e  chamber f i l l e d  with a mixture of 10% O2 and 90% N2 a t  at- 

mospheric pressure.  This medium corresponds t o  p a r t i a l  pressure of oxygen a t  

Then t h i s  group w a s  exposed 

For a month, t h e  animals w e r e  exposed every day f o r  

/129 
c- 
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Figure 38. Hypoxic gas pref- 
erence of rats before  (I), a t  
the  end (11) and two months 
a f t e r  t h e  completion (111) of 
adaptat ion t o  a hypoxic en- 
vironment. Average da ta  from 
10 animals. Horizontally - 
percentage of oxygen i n  t h e  
d i f f e r e n t i a t e d  zone. The 
rest of t h e  legend is t h e  
same as i n  Figure 37. 

an a l t i t u d e  about 6 km above sea level. Af t e r  

t h e  period of adaptat ion ended, t h e  gas pref- 

erence of t h e  rats w a s  determined once more. 

Af t e r  one month t h e  animals' responses t o  t h e  

hypoxic medium w e r e  determined a t h i r d  t i m e .  

Hypoxic adaptat ion l e d  t o  a considerable 

decrease i n  t h e  negat ive response of rats t o  

mixtures with a lowered oxygen cont.ent. Res- 

ponses t o  a mixture containing 9% 0 

except ional ly  not iceably (Figures 38 and 39). 

I f  t he  young ra t s  under normal condi t ions dis-  

play a weakly expressed tendency t o  p r e f e r  

oxygen i n  comparison with ordinary a i r ,  then 

a f t e r  hypoxic adaptation they were inc l ined  

t o  avoid t h e  hyperoxic medium. 

with a weakened response t o  hypoxia, i n d i c a t e s  

a change i n  gas preference toward a lower 

oxygen content i n  t h e  atmosphere. 

decreased 2 E 

This,along 

Negative response of rats toward hypercapnic mixtures increased a f t e r  

adaptation t o  an oxygen-poor medium. 

containing 9% CO There is evidence i n  t h e  l i ter-  2 
a t u r e  of increased s e n s i t i v i t y  t o  carbon dioxide as a result of prolonged exis- 

tenct: under hypoxic condi t ions (Archibald, 1964; Biget 

Their average choice index of a mixture 

changed from -0.38 t o  -0.72. 

/130 
e t  a l . ,  1965). 

A month a f t e r  t he  end of hypoxic adaptat ion,  negat ive responses of rats 

t o  mixtures with inadequate. oxygen content no t  only w e r e  reduced, but  even ex- 
ceeded t h e  o r i g b i a l  level. This w a s  s tud ied  by Tribukai t  (1963) i n  rats ex- 

posed f o r  a long t i m e  a t  high a l t i t u d e s .  Forty days a f t e r  r e tu rn ing  t o  sea 

l e v e l ,  t h e  animals displayed a r eve r se  response t o  hypoxic adaptat ion - an 

errat ic  decrease of t h e  oxygen content  of t h e  blood. 

supposed t h a t  s e n s i t i v i t y  t p  oxygen s t a r v a t i o n  would b e  increased. 

shown i n  our experiments i n  t h e  form of pronounced avoidance of t h e  hypoxic 

I n  t h i s  phase i t  must be 

This w a s  
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KyPlogram of t h e  movements of a rat  i n  a hypoxic Figure 39. 
gradient.  (from 29 t o  10% 02) a f t e r  adaptat ion t o  a medium 

with 10.5% oxygen content. Avoidance of t h e  hypoxic zone 
is weakly expressed (compare with Figure 6, same legend.). 

mixtures by t h e  experimental rats. 

Summarizing these  data ,  w e  can conclude t h a t  adaptat ion t o  an oxygen-poor 

atmosphere causes temporary changes of response i n  r e l a t i o n  t o  var ious gas 

media. 

concentrations.  

gas medium not only in wild species  of rodents r e s u l t i n g  from t h e i r  ecological  

s p e c i a l i z a t i o n ,  but a l s o t o  reproduce it  a r t i f i c i a l l y  by means of lengthy exposure 

of l abora to ry  animals t o  an atmosphere of Corresponding composition. 

I n  p a r t i c u l a r ,  gas preference seemed t o  be s h i f t e d  toward lower oxygen 

Thus, it w a s  poss ib l e  t o  observe an adjustment t o  an a l t e r e d  

If hypoxic acc l ima t i za t ion  l eads  t o  t h e  organism's ad jus t ing  t o  reduced 

p a r t i a l  pressure of oxygen i n  a medium, then adaptat ion t o  a hyperoxic atmos- 

phere probably would cause t h e  opposi te  e f f e c t  with corresponding change of 

gas  preference i n  animals. 

/131 - To v e r i f y  t h i s  assumption, w e  exposed rats i n t e r m i t t e n t l y  (12 hours every 

The series of day f o r  a month) t o  a gas mixture containing 75% O2 and 25% N2. 
experiments did not d i f f e r  from those described above with t h e  hypoxic acclima- 

t i z a t i o n  of rats. 

On t h e  b a s i s  of d a t a  i n  t h e  l i t e r a t u r e  (Becker-Freuseng and Clamann, 1942; 

Ohlseon, 1948; Lazarev, 1951; Mullinax and Beischer, 1958; Balakhovskiy et  al . ,  
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st 1962), 75% concentration of oxygen can be considered 

*@.4 I: as c l o s e  t o  t h e  s a f e  maximum. I n  any case, such a 

+o. 3 
+o. 2 
+o. I 

0 
-0. f have not  as y e t  been d e f i n i t e l y  e s t ab l i shed  (Zhironkin 
-0.2 and o the r s ,  1965; Troshikhin, 1966). Besides, i t  must -0.3 
-0.4 be  taken i n t o  account t h a t  an organism adapts  more 
-0.5 
-0.6 
-0.7 
-0.8 

medium does no t  cause oxygen poisoning i n  animals ex- 

posed f o r  many days, although accura t e  limits of more 

o r  less successful  a d a p t a b i l i t y  t o  hyperoxic medium 

e a s i l y  t o  t h e  i n t e r m i t t e n t  e f f e c t  of hyperoxia than 

t o  a constant  e f f e c t  (Boycott and Oakley, 1932). 

I As is shown i n  t h e  r e s u l t s  of determining t h e  - 

hypoxic and hyperoxic gas preference i n  rats before  

and a f t e r  t h e i r  exposure t o  a medium with increased 

lb 80 

Figure 40. Hypoxic 
and hyperoxic gas 
preference of ra ts  
before  (I) and at 
t h e  end of (11) 2 
adaptat ion t o  a Adaptation t o  a hyperoxic atmosphere hardly in f lu -  

oxygen content,  negat ive response of animals t o  a 

mixture containing 10% 0 did not  undergo any changes. 

hyperoxic environ- 
ment. The legend enced even t h e  tendency of t h e  experimental rats 

is  the  same as i n  
Figure 38. 

toward a weakly expressed pos i t i ve ' r eponse  t o  a 

medium with an over-concentration of oxygen (Figure 

40). 

1132 
_c_ 

Consequently, adaptat ion t o  an oxygen-enriched gas  medium d i d  n o t  cause 

i n  t h e  animals any kind of s i g n i f i c a n t  s h i f t  (judging by t h e i r  gas preference) 

of "adjustment" t o  a s p e c i f i c  oxygen content i n  t h e  atmosphere, although an 

hypoxic medium causes such a s h i f t .  Evidently, a l a c k  of oxygen, as opposed 

t o  i t s  excess,  has a s p e c i f i c  e f f e c t .  

a b l e  components of muscular a c t i v i t y  ("motor hypoxia", as it  is expressed by 

A.B. Gandel'sman), and adaptat ion t o  t h i s  f a c t o r  is customary f o r  t h e  organism. 

Not without reason, adaptat ion t o  hypoxia improves e f f i c i ency ,  and physical 

t r a i n i n g  i n  its t u r n  makes it easier t o  adapt t o  an oxygen-poor atmosphere 

(Hurtado et  a l . ,  1956, c i t e d  by: 

1965; Salatsinskaya, 1967). The hyperoxic medium, although it  a l s o  causes 

adapt ive responses (see Chapter 11), is a physiological ly  inadequate f a c t o r  

Hypoxemia is r e a l l y  one of t h e  inseper- 

Schreuder, 1966; Barbashova, 1960; Letunov, 
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and t h e r e f o r e  does not  have t h e  a b i l i t y  t o  change an organism's "adjustment" 

t o  a s p e c i f i c  oxygen regime. 

Exposure t o  a Rar i f i ed  Atmosphere and G a s  Preference _in .Man 

I n  man we had t o  f i n d  ou t  how gas preference changes during a period i n  

a n  a l t e r e d  gas medium. 

choice responses t o  mixtures with rapid switching t o  ordinary atmosphere, as 

w e l l  as during extended periods.  

I n  p a r t i c u l a r ,  it wae necessary t o  study active 

The f i r s t  p a r t  of our problem w a s  solved by "ascents" i n  an a l t i t u d e  

chamber. W e  used a Model PBK-53 a l t i t u d e  chamber, s u i t a b l y  redone. A s p e c i a l  

compensator valve permitted t h e  sub jec t s  t o  b rea the  t h e  gas mixtures through 

spirographic  equipment mounted on t h e  ou t s ide  (described i n  Chapter I). Re- 

s i s t a n c e  w a s  f i xed ,  and i t  d id  not  depend on t h e  degree of a i r  vacuum i n s i d e  

t h e  chamber. 

The gas preference of t h e  s u b j e c t s  w a s  s tud ied  a t "a1 t i tudes" f rum 0 t o  

6.7 thousand meters. 

t h e  experiment w a s  conducted according t o  t h e  usual  program. 

F i r s t  an "ascent" w a s  made t o  a c e r t a i n  pressure.  Then 

The r e s p i r a t i o n  

A t  t h e  end /133 time f o r  breathing each of t h e  offered mixtures w a s  15 minutes. - 
t h e r e  w a s  a "descent". 

t u r e  with an increased oxygen content (from 30 t o  98%). 

I n  each Pxperiment a i r  (21% 02) w a s  compared t o  a mix- 

W e  found t h a t  man c l e a r l y  d i s t ingu i shes  t h e s e  hyperoxic mixtures, prefer-  

r i n g  them t a  ordinary air i f  t h e  "a l t i t ude"  i n  t h e  chamber reaches 3 - 4 thous- 

and meters: 

"Altitude" 
( i n  thous. m.) 

Percent of s u b j e c t s  choosing 
mixtures with increased con- 

t e n t  of o2 

0 
2.8 
4.5 
6.7 

33 
43 
88 
100 
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Under these  conditions,  breathing mixtures w i t h  an increased oxygen content n o t  

only r a i s e d  oxygenation of t h e  blood, but a l s o  l e d  t o  lowered pulmonary ven t i l a -  

t i on .  This indicated an oxygen def ic iency (Haldane and P r i e s t l e y ,  1935; Dem- 

beau, 1957; Malova, 1962; et  a l )  

It I s  known t h a t  t he  higher t h e  oxygen concentration i n  a r e s p i r a t o r y  m i x -  
t u r e ,  t h e  g r e a t e r  t h e  atmospheric p re s su re  a t  which such a mixture can maintain 

adequate Po In  t h i s  

case t h e  "physiological equivalent of a l t i t u d e "  is revealed i n  the  p o s i t i v e  

reponses of t he  sub jec t s  t o  hyperoxic mixtures on reaching c e r t a i n  "alt i tudes".  

An analogous phenomenon w a s  noted by F inke l s t e in  et a1 (1965): in t h e  pressure 

chamber a t  high "al t i tudes" ,  pure oxygen caused a f e e l i n g  of decreased respira-  

t o ry  e f f o r t  i n  man. 

i n  the  pulmonary a v l e o l i  (Carlyle,  1963; and o the r s ) .  
2 

To explain how a c t i v e  choice of r e s p i r a t o r y  mixtures changes i n  the  process 

of adapting t o  an unusual atmosphere, w e  t r i e d  t o  f i n d  out what s h i f t s  of gas 

preference man makes during per iods i n  t h e  mountains. 

Living in a high-mountain climate is an e f f e c t i v e  means of accl imat iz ing 

the  human organism t o  hypoxia (Agadjanyan e t  a l . ,  1967; and many o the r s ) .  The 

bas i c  f a c t o r  here  is, of course, t h e  lowered p a r t i a l  p re s su re  of oxygen. An 

important f a c t o r  i s  a l s o  t h e  in t ens ive  muscle load which accompanies a mountain 

climb. 

creasing "external" hypoxia, muscular a c t i v i t y  increases  t h e  e f f i c i ency  of 

adaptation t o  an oxygen def ic iency (Salatsinskaya, 1967, et al .) .  

This considerably inc reases  t h e  oxygen demand of t h e  tiss,ves. By in- 

Our experiments i n  t h e  mountains w e r e  conducted with people who had va r i -  

XIS ( i n  general ,  not much) mountain climbing experience. F i r s t  w e  determined 

the  sub jec t s '  responses t o  r e s p i r a t o r y  mixtures with var ious oxygen and carbon 

dioxide content. 

t h e  usual  method. Then they moved t c  t h e  region of t he  mountain camp a t  Uzon-Kol 

(Western Caucausus). 

a month and underwent i n t e n s i v e  mountaineering t r a i n i n g ,  including climbs t o  

4.2 km. During t h i s  period i n  t h e  mountains, t h e  sub jec t s  spent t h e  next  t o  

This w a s  done under laboratory condi t ions a t  sea l e v e l  by /134 

They l i v e d  h e r e  a t  an a l t i t u d e  2.2 km above sea level for 
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st t h e  l a s t  week a t  an a l t i - t u d e  

of 3 km above sea level. 

f Upon t h e i r  a r r i v a l  i n  t h e  

mountains, and a l s o  seve ra l  

t i m e s  during t h e i r  s t a y  a t  high 

a l t i t u d e s ,  t h e  s u b j e c t s  were 

repeatedly t e s t e d  f o r  t h e i r  res- 
c .After  mts. 

ponse t o  gas mixtures. These 
Figure 41. Changes i n  human responses t o  an 
hypoxic mixture (P same experiments w e r e  conducted 

again a f t e r  t h e i r  r e t u r n  t o  low 
= 80 mm Hg) 

O2 - 
under t h e  in f luence  of a period i n  t h e  moun- 
t a i n s .  Data from 10 subjects .  The legend l e v e l .  W e  must point  out t h a t  

- - 
is  t h e  same as i n  Figure 7. (mts. = mountains) i n  t h e  mountains mixtures w e r e  

used with a somewhat lowered 

composition i n  comparison with those used a t  low levels. 

maintain t h e  same p a r t i a l  pressure of t h e  d i f f e r e n t i a t e d  gases allowing f o r  de- 

creased general  barometric pressure of 589 mm Hg a t  an a l t i t u d e  of 2.2. km (in- 

s t ead  of 10.5% 02, t h e  mixture contained 13.6% 02; 7% concentration of 0 

replaced by 9.1%; t h e  hypercapnic mixture i n  t h e  mountains contained not 5, 
but 6.5% C02) .  

This w a s  done t o  

w a s  2 

As a r e s u l t  of t h e  inf luence of t h e  lowered p a r t i a l  pressure of oxygen, 

a l l  t h e  sub jec t s  i n  t h e  mountains developed decreased oxygenation of ar ter ia l  

blood, iticreased pulse  rate and increased VRM. 

plained of headache and f a t igue .  

I n  t h e  f i r s t  t e w  d&s some COP 

With t h i s  background, breathing hypoxic mixtures caused increased v e n t i l a -  

t o r  response and an even g r e a t e r  decrease i n  oxygenation of t h e  blood (Figure 

41) .  
et a l . ,  1966; and o t h e r s ) .  Man's a b i l i t y  t o  d i s t i n g u i s h  mixtures with a low- 

ered oxygen content increased; 

more constant than under low-level conditions.  When t h e  oxygen content i n  a 

closed system of r e t u r n  r e s p i r a t i o n  w a s  lowered gradually,  t h e  sub jec t s  noted 

t h e  change i n  t h e i r  own f e e l i n g s  ("it's harder  t o  breathe", "not enough air", 

Analogous f a c t s  have been noted by a number of researchers  (Lefrancois 

negat ive response t o  such mixtures w a s  much 
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e tc . )  earl ier and a t  a 

smaller decrease of t h e  per- 

centage of  oxygen i n  t h e  med- 

ium than a t  sea level. The 

1 onset of severe hypoxia, 

which forced t h e  experiment 

t o  be ended, a l s o  occurred 

earlier. These experiments 

confirmed t h a t  t h e  chemorecep- . tor stimulus of respiration, 

Figure 42. Changes i n  human responses t o  pure 
oxygen under t h e  inf luence  of a per iod i n  t h e  
mountains. Data from 10  subjec ts .  The legend 
is t h e  same as i n  Figure 7. 

caused by an oxygen def ic iency,  

is re ta ined  completely by 

people who have a r r ived  a t  a 
high-a l t i tude  zone from a low 

level (Lefrancois et a l . ,  1966). 

On t h e  o the r  hand, negat ive response t o  pure oxygen disappeared i n  t h e  

Breathing oxygen caused a more not iceable  increase  of mountains (Figure 42). 

oxygenation of t h e  blood i n  t h e  sub jec t s  than i t  d id  a t  sea level. These char- 

a c t e r i s t i c s  of response t o  oxygen w e r e  s t i l l  more s t rongly  expressed when t h e  

subjec ts  a r r ived  a t  an a l t i t u d e  of 3,000 m e t e r s .  H e r e  i nha la t ion  of oxygen w a s  

accompanied by a s i g n i f i c a n t  decrease of VRM, and i n  the  majori ty  of cases  by a 

p o s i t i v e  response ("easier" o r  "milder" t o  brea the  i n  comparison wi th  a i r ) .  

These da ta  agree bas i ca l ly  with t h e  r e s u l t s  obtained i n  t h e  a l t i t u d e  chamber 

experiments. 

It w a s  shown above t h a t  animals exposed t o  a hypoxic medium develop an 

increased s e n s i t i v i t y  t o  carbon dioxide.  

noted i n  people: t he  sub jec t s  d i s t inguished  t h e  hypercapnic mixture (P was 

38 mm Hg) more c l ea r ly  i n  t h e  mountains than a t  low Levels; corresponding choice /136 

indexes w e r e  -0.56 -I: 0.12 and -0.45 - 0.11. Vent i la tor  response t o  hypercapnia 

a l s o  increased,  which agrees  wi th  d a t a  presented by o the r  au thors  (Chiodi, 

1957; Michel and Milledge, 1963; Akhmedov e t  al, 1968). 

An analogous phenomenon can a l s o  be  

c02 

+ 
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By t h e  end of t h e  month-long period i n  t h e  mountains, t h e  sub jec t s  had 

developed s i g n s  of high-alt i . tude accl imat izat ion.  They f e l t  b e t t e r ,  t h e  level 

of oxygenation of t h e  blood increased, tachycardia disappeared. 

I n  t h i s  period, responses t o  breathing var ious gas mixtures a l s o  changed. 

Negative response t o  a moderate hypoxic medium decreased somewhat (Figure 41), 
bwt response t o  pure oxygen again became weakly negat ive (Figure 42). 
can be considered as a s ign  of t h e  r e s t o r a t i o n  of a more o r  less normal 
oxygen regime. 

This 

Thus, a period i n  t h e  mountains is  accompanied i n  man by a n a t u r a l  change 

i n  r e s p i r a t o r y  responses and preference f o r  var ious mixtures. This is connect- 

ed, on one hand, with a s p e c i f i c  degree of oxygen insu f f i c i ency  i n  an organism, 

and,on the  o the r  hand, with developing adaptat ion t o  t h e  hypoxic medium. 

After t h e  sub jec t s  returned t o  lower levels, t h e i r  responses t o  mixtures 

with an  a l t e r e d  oxygen content returned t o  approximately what they w e r e  o r ig i -  

na l ly .  

i n  man; t h e s e  w e r e  noted i n  animal experiments. 

by t h e  r e l a t i v e l y  longer interval (6-7 days) between t h e  sub jee t s '  descent 

from t h e  mountains and t h e  beginning of t h e  experiment under low-level condi- 

t i ons .  

(Alipov, 1969, et al.).  

W e  d id  not succeed i n  observing a f t e r e f f e c t s  of adaptat ion t o  hypoxia 

This is probably explained 

By t h i s  time adaptat ion could have been l o s t  t o  a s i g n i f i c a n t  degree 

Thus, t h e  dynamics of human gas preference r e f l e c t  t o  a s p e c i f i c  degree 

those physiological  s h i f t s  which develop in  t h e  t r a n s i t i o n  t o  an a l t e r e d  res- 
p i r a t o r y  medium and i n  t h e  process of adapting t o  it. 
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CONCLUSION 1137 
7 

The da ta  discussed i n  t h e  present  work can be considered i n  two aspects :  

analyzing t h e  a b i l i t y  t o  d i f f e r e n t i a t e  changes i n  t h e  composition of inhaled 

gas mixtures, and analyzing t h e  physioloqical  adequacy of those mixtures. 

THE ABILITY TO - DISTINGUISH CHANGES I N  THE COMPOSITION 

OF A GAS MEDIUM 

Even a b r i e f  survey of " r e sp i r a to ry  behavior" of animals on a physiological  

l e v e l  shows t h a t  t he  choice of a preferred gas medium- gas preference - is 

f o r  many organisms.an important form of r egu la t ing  r e s p i r a t i o n .  It is a n a t u r a l  

r e f l e x  a c t ,  r e s u l t i n g  from impulses from corresponding chemoreceptors. 

I n  higher animals and man, who l ive  i n  an atmosphere of almost homogeneous 

This kind composition, gas preference can be shown only by experimental means. 

of behavioral  response t o  f a c t o r s  no t  encountered in t h e  normal medium is al-  

ready known. 

does not have any kind of r ecep to r s  f o r  d i r e c t  perception of ionizing r ad ia t ion .  

Nevertheless, i n  experiments on animals, negat ive responses t o  r ad ia t ion ,  o r  

more accurately t o  those conditions i n  which it  occurred, have been successful ly  

observed (Garcia e t  a l . ,  1955; Darenskaya and Pravdin, 1968; and o the r s ) .  

Evidently, behavioral  responses t o  r a d i a t i o n  are produced on t h e  b a s i s  of a 

combination of i n t e r n a l  impulses and the  accompanying s i g n a l s  from the  surround- 

ing environment. Our research i n d i c a t e s  a s i m i l a r  mechanism of gas preference 

response. The organism is  not a b l e  t o  d i s t ingu i sh  t h e  composition of a gas 

medium d i r e c t l y  (and i n  ordinary l i f e  it has  no need t o ) ,  bu t  perceives changes 

i n  i t  through s h i f t s  which t ake  place i n  t h e  i n t e r n a l  medium. The blue-yellow 

and o the r  "internal" chemoreceptors evident ly  serve as sensory apparatus here. 

A s  an example, w e  can use r ad ioac t ive  i r r a d i a t i o n .  The organism 
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As has been emphasized, ve rba l  s igna l ing  is  a p a r t  of t h e  human response &3 
t o  changes i n  t h e  composition of inhaled mixtures. 

t h e r e  is  t h e  p o s s i b i l i t y  of pe r f ec t ing  t h e  a b i l i t y  t o  d i s t ingu i sh  gas media. 

A s  man perceives changes i n  t h e  composition of t h e  atmosphere by h i s  own i n t e r n a l  

medium, then the  b e t t e r  he is a b l e  t o  perceive (more accurately,  t o  t r a n s f e r  t o  

the ve rba l  l e v e l )  t h e  in t e rocep t ive  s i g n a l s  received by t h e  brain,  and the  sooner 

he n o t i c e s  s h i f t s  of t h e  gas regime i n  h i s  own organism. 

about t he  necess i ty  of recording, i .e.,  ve rba l ly  formulating, t h e  onset  of a 

f e e l i n g  of weariness a c c e l e r a t e s  t h e  manifestat ion of f a t i g u e  during muscular 

work (Liberman and Trubi ts ina,  1954). I f  a man is informed before an experiment 

about t he  s igns  of hypoxia and hypercapnia, he w i l l  be  a b l e  t o  evaluate  more ac- 

curately the  s h i f t s  of t h e  gas regime which develop i n  r e t u r n  r e s p i r a t i o n  i n  a 
closed system (Gandel'sman et  a l . ,  1966). 

Evidently, i n  t h i s  case 

I n  f a c t ,  i n s t r u c t i o n s  

Individual  c h a r a c t e r i s t i c s  of people i n  r e l a t i o n  t o  such self-evaluat ion 

are q u i t e  diverse .  

question of man's a b i l i t y  t o  be t r a i n e d  t o  d i s t i n g u i s h  gas mixtures. 

p r inc ip l e ,  such t r a i n i n g  is  completely possible .  

about moderate s h i f t s  i n  t h e  composition of an inhaled medium. It must not  be 

forgot ten t h a t  i n  s eve re  degrees of hypoxia and hypercapnia the  d i f f e r e n t i a t -  

ing funct ion of t h e  b r a i n  is impaired (Brestkin,  1968; et  al.).  The e f f e c t  of 

t h i s  1s l o s s  of adquate behavioral  responses, which we  a l s o  noted i n  animal 

experiments. 

W e  s t i l l  have l i t t l e  da ta  f o r  a dec i s ive  answer t o  t h e  

But i n  

Of course w e  are t a l k i n g  

The p r a c t i c a l  s i d e  of t h i s  problem is  important. It is  s u f f i c i e n t  t o  

point out t he  problems of safeguarding p i l o t s  and cosmonauts from oxygen star- 

vat ion.  In  domestic and fo re ign  a v i a t i o n  medicine, a t t e n t i o n  is  constant ly  

being drawn t o  t h e  dangers with which h igh -a l t i t ude  hypoxia is fraught.  The 

necess i ty  of using oxygen i n  s p e c i f i c  s i t u a t i o n s  is a l s o  emphasized. G. Arm- 

s t rong  (1954) considered t h e  l a c k  of sensat ions,  q u i t e  t y p i c a l  of hypoxia, as 

t h e  most important reason f o r  t h e  ind i f f e rence  of some s p e c i a l i s t s  and p i l o t s  

themselves t o  t h i s  problem. "In almost a l l  impairments i n  an organism, na tu re  

gives  warning s i g n a l s  i n  t h e  form of f e e l i n g s  of s ickness  o r  o the r  unpleasant& 

ness. I n  a l t i t u d e  sickness, on t h e  contrary,  not  only can a l l  symptoms 
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b e  lacking,  but sometimes a f e e l i n g  of w e l l  being is completely maintained ... 
Therefore, i t  must be r e g r e t t e d  t h a t  a l t i t u d e  sickness is no t  accompanied by 

i l l n e s s e s  o r  o the r  unpleasant sensat ions.  

f l i g h t  personnel and t h e  s a f e t y  of t h e  p i l o t s  would p ro f i t . "  

1954:223). 

If t h i s  w e r e  so,  t he  hea l th  of t h e  

(Armstrong, 

To these  words w e  must add t h a t  it is  as i f  t h e  inadequate sub jec t ive  sig- 

n a l s  of hypoxia develop and consol idate  i n  c e r t a i n  cases. 

has recommended t h a t  man's a b i l i t y  t o  "feel" ionizing r a d i a t i o n  b e  developed in 

order  t o  provide a n a t u r a l  system of f a t i q u e  when t h e r e  is  a hazard [l]. 

th ink  t h a t  i t  is easier (and f r equen t ly  alsa more important) t o  improve man's 

a b i l i t y  t o  de t ec t  those changes i n  t h e  composition of t h e  r e s p i r a t o r y  medium 

which are important f o r  h i s  e f f i c i ency ,  hea l th ,  and sometimes even h i s  very 

l i f e .  

A published r epor t  /139 

W e  

GAS PREFERENCE AND ADEQUATE RESPIRATORY ENVIRONMENT 

Research da ta  l ead  us t o  t h e  conclusion t h a t  t h e  gas preference of higher 

animals and man can serve as an ind ica t ion  of t h e  range of changes i n  t h e  com- 

pos i t i on  o f  t h e  r e sp i r a to ry  environment within which ordinary adaptive mechan- 

isms are s u f f i c i e n t l y  e f f e c t i v e ,  a t  least  f o r  s h o r t  periods.  Negative responses 

t o  breathing s p e c i f i c  mixtures are a c t i v a t e d  when t h e s e  mechanisms are insuf- 

f i c i e n t l y  e f f e c t i v e  and/or excessively s t r a ined .  

t h i s  kind of response of h i s  own mechanism is s i m i l a r  t o  t h e  e f f e c t s  of short-  

ness  of breath.  This can b e  considered as a negat ive response t o  a d i s p a r i t y  

between the  r e s p i r a t i o n  regime and t h e  gas composition of t h e  i n t e r n a l  medium. 

As has been noted, i n  man 

Studying t h e  a c t i v e  choice response t o  gas media i n  animals and man, 

under a l t e r e d  atmosphere condi t ions f o r  prolonged per iods o r  temporarily,  has 

l e d  us t o  t h e  conclusion t h a t  gas preference is connected with "tuning" of 

physiological  funct ions t o  a c e r t a i n  composition of t h e  r e s p i r a t o r y  environment 

This tuning is composed of both inherent  ( t h e  result of n a t u r a l  s e l ec t ion )  and 

acquired ( t h e  result of adaptat ion)  responses. 
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I n  t h e  wide sense,  gas preference reflects t h e  r e l a t i o n s h i p  between t h e  

physiological  composition of t h e  organism and adequate limits of t h e  p a r t i a l  

pressure of r e s p i r a t o r y  gases. Following t h e  c l a s s i f i c a t i o n  of forms of be- 

havior  proposed by A.D. Slonim (1967), t h e  choice of a p re fe r r ed  gas mixture 

can b e  defined as "a r e f l e x  f o r  t h e  preservat ion of t h e  i n t e r n a l  medium of an 

organism and t h e  conservation of matter". 

Some analogy is  apparent between t h e  choice of r e s p i r a t o r y  media and t h e  

choice of var ious forms of food and dr ink mixtures. 

e n t l y  t o  food i n  general  depending on i ts  s a t i s f i e d  o r  s t a rv ing  condi t ion 

(Stroganov, 1929; and o the r s ) .  

d e f i c i e n t  substances inc rease  and are decreased i n  r e l a t i o n  t o  excessively in-  

troduced substances (Savich, 1913; Breslav, 1951; e t  a l ) .  

(1923) c a l l e d  t h e  food cen te r  t h e  acceptance r egu la to r  of substances necessary 

f o r  v i ta l  chemism. 

(Cassil', 1964; Beck et a l . ,  1965). 

An organism r e a c t s  d i f f e r -  

When a d i e t  is  a l t e r e d ,  p o s i t i v e  responses t o  

I. P. Pavlov 

/14C 

The i n t a k e  of w a t e r  and salt is d e l i c a t e l y  regulated 

B.N. Chemigovskiy w r i t e s  about a c t i v e  choice responses: "Signaling, 

which comes from in t e rocep to r s ,  is important not  only f o r  r egu la t ing  system 

funct ions of an organism., but  a l s o  is capable of e f f e c t i v e l y  inf luencing t h e  

behavior of t h e  animal ... The l a c k  of one o r  o the r  ingredient  causes complex 

behavioral  responses i n  t h e  animal. ... These data ,"  Chemigovskiy notes  

f u r t h e r ,  " indicate  t h a t  t h e  higher s ec t ions  of t h e  c e n t r a l  nervous system 

(without them, of course, any kind of complex behavioral  acts are impossible) 

are no t  only necessary i n  a s t a b i l i z e d  i n t e r n a l  medium f o r  active adaptat ion 

of an organism t o  t h e  surrounding medium. I n  higher  animals they themselves 

become one of t h e  f a c t o r s  maintaining homeostasis." (1960:576). 

W e  have already expressed the  though t tha t  i n  some cases t h e  optimum en- 

vironment f o r  an organism can be not  h i s  usual  atmosphere, but a gas mixture 

of another composition. As a matter of fact ,  i n  heavy muscular work, accom- 

panied by expressed hypoxemia, t h e  physiological ly  adequate medium is probably 

one enriched with oxygen. 

when t h e r e  is  i n s u f f i c i e n t  oxygen and excess carbon dioxide from o the r  

Demands on t h e  r e s p i r a t o r y  environment change a l s o  
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causes - i n  p a r t i c u l a r ,  gas prefererice s h i f t s  i n  t h e  mountains o r  on a back- 

ground of hypercapnia. 

Evaluating var ious formulae f o r  an a r t i f i c i a l  room atmosphere, V.B. Malkin 

(1968) indicated t h e  p o s s i b i l i t y  of using an "active" gas medium which ought t o  

tone up t h e  organism, c r e a t e  t h e  necessary func t iona l  load, e spec ia l ly  necessary 

under conditions of hypodynamia and weightlessness during space f l i g h t .  

author assumes t h a t  such f a c t o r s  as pe r iod ic  def ic iency o r  excess of oxygen and 

increased carbon dioxide concentrat ion w i l l  be  used. 

ing" and " inhibi t ing" atmospheres could be a l t e r n a t e d  t o  maintain t h e  necessary 

rhythm of work and rest. 

The 

In h i s  opinion, "stimulat- 

W e  suggest t h a t  t he  gas preference method can a l s o  b e  used i n  solving 

these  problems. 

t h e  vast spectrum of gas mixtures shows approximately what r e s p i r a t o r y  medium 

composition is  most s u i t a b l e  f o r  a given organism i n  s p e c i f i c  condi t ions of 

i t s  v i t a l  a c t i v i t y .  

i n  t h e  composition of an a r t i f i c i a l  atmosphere f o r  men working i n  high-al t i tude 

o r  space f l i g h t s ,  underwater o r  underground descents,  etc. This might a l s o  

prove useful  as thephys io log ica l  b a s i s  f o r  using var ious r e s p i r a t o r y  mixtures 

f o r  medical purposes. 

A study of p o s i t i v e  and negat ive a c t i v e  choice responses t o  

This helps  i n  choosing optimum v a r i a n t s  and s a f e  deviat ions 

* * *  

I w i l l  t ake  t h i s  opportunity t o  express deep appreciat ion t o  d i r e c t o r  

of t h e  Physiology of Respirat ion Laborator ies ,  Professor  A.G. Zhironkin, who 

created a l l  t he  conditions f o r  t h e  successful  completion of our work. Invalu- 

a b l e  contr ibut ions t o  t h i s  research were made by Ye.N. Salats inskaya,  

A.M. Shmeleva, A . I .  Samushchenkova, G.P. Burenko, E.A. Konza, B.N. Volkov, and 

A.P. Shat i lo .  To my colleagues i n  t h e  laboratory,  I convey t h e  most sincere 
thanks. 
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